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The Corbino geometry allows one to investigate the propagation of electric current along a p-n interface
in ballistic graphene in the absence of edge states appearing for the familiar Hall-bar geometry. Using the
transfer matrix in the angular-momentum space we find that for sufficiently strong magnetic fields the current
propagates only in one direction, determined by the magnetic field direction and the interface orientation, and
the two valleys, K and K’, are equally occupied. Spatially-anisotropic effective mass may suppress one of the
valley currents, selected by the external electric field, transforming the system into a mesoscopic version of the
valley filter. The filtering mechanism can be fully understood within the effective Dirac theory, without referring
to atomic-scale effects which are significant in proposals operating on localized edge states.
I. INTRODUCTION
One-dimensional conduction channels associated with edge
states are often considered as background for solid-state quan-
tum information processing not only in systems showing the
quantum Hall effect [1–8], but also in graphene [9, 10] or tran-
sition metal dichalcogenide nanoribbons [11]. The aforemen-
tioned nanostructures are formed of two-dimensional mate-
rials that host an additional electronic valley degree of free-
dom, allowing dynamic control and the developement of val-
leytronic devices [12], such as the valley filter [13, 14].
The operation of early proposed valley filters in graphene,
employing the constriction with zigzag edges [13] or the line
defect [15], was strongly affected by atomic-scale defects [16]
and local magnetic order [17]. To overcome these difficulties,
alternative proposals utilizing strain-induced pseudomagnetic
fields [18–23], disorder and curvature effects in carbon nan-
otubes [24], or various types of domain walls in graphene,
bilayer graphene [26], or topological systems [27], were put
forward. Despite such theoretical and computational efforts
the experimental breakthrough is still missing, although some
recent progress can be noticed [28–30]. Therefore, conceptu-
ally novel mechanisms of valley filtering are very desired.
In this paper, we explore the possibility of valley filtering
for peculiar edge states mixing Landau levels from both sides
of the p-n interface in the quantum Hall regime [4–6]. Such
unconventional edge states can be regarded as degenerate ver-
sions of snake states, recently observed in ultraclean graphene
devices [31, 32] (see Fig. 1). As the charge density is centered
far from physical edges of the system, and transport is essen-
tially of a mesoscopic, rather than nanoscopic, nature (i.e., the
wavefunction varies on a length scale given by the magnetic
length lB =
√
~/eB  a, with a = 0.246 nm being the lat-
tice parameter; see Ref. [33]), some of the above-mentioned
obstacles in sustaining the valley polarization of current may
be overcome. Additionally, the Corbino geometry [34–37] al-
lows one to elliminate conventional edge states, making it pos-
sible to fully control the spatial distribution of electric current
via external electric and magnetic fields.
Possible classical carrier trajectories for weak-to-moderate
magnetic fields are depicted schematically in top and middle
panels of Fig. 1. Snake states (bottom panel) cannot be under-
stood fully clasically, as they involve relativistic Klein tunnel-
ing through the region of an opposite polarity. In the quantum
Hall regime the current flows along one section of the p-n in-
terface only (see Fig. 2). The physical meaning of a “weak”,
“moderate”, or “strong”, field is determined by mutual rela-
tios between the characteristic sample length L ≡ Ro − Ri
(with the outer disk radius Ro and the inner radius Ri), the
magnetic length lB ( ∝ B−1/2), and the cyclotron radius rc
( ∝ B−1) [38]. In turn, the larger the disk size the lower field
is required to elliminate currents distant from the p-n inter-
face, providing the sake of scalability missing in previously
proposed nanoscopic valley filters [39].
We show, using the numerical transfer-matrix technique,
that the presence of a non-uniform staggered potential, in-
troducing the position-dependent mass term in the effective
Dirac equation for low-energy excitations [40], leads to a spa-
tial separation of valley currents and that the valley polariza-
tion may be controlled by changing the gate potentials (see
Fig. 3). Althought to set a staggered potential one needs
to initially modify the sample on a microscopic level, e.g.,
by chemical functionalization [41–43] or the adsorption of
hexagonal boron nitride (h-BN) [44, 45], the operation of such
a mesoscopic valley filter is then fully-electrostatically con-
trolled. We further find, that the constant magnetic field of
1 T is sufficient to obtain a nearly perfect polarization in the
disk of a 400 nm diameter. What is more, the filter operation
can be directly attributed to a peculiar combination of sym-
metry breakings for the Dirac Hamiltonian: The mass term
breaks the effective time-reversal symmetry in a single valley
(symplectic symmetry), whereas the magnetic field breaks the
true time-reversal symmetry (involving the valley exchange).
Together, these two symmetry-breaking factors lead to the in-
equivalence of valleys, providing an opportunity to produce
nonequilibrium valley polarization of current.
The paper is organised as follows: In Sec. II, we briefly
present the effective Dirac theory and the transfer matrix ap-
proach to the scattering problem in the angular-momentum
space (adjusted to the Corbino-disk symmetry). In Sec. III,
we discuss our numerical results concernig the current distri-
bution and valley filtering in the presence of external electro-
magnetic field and the staggered potential. The conclusions
are given in Sec. IV.
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Figure 1: Classical and quasiclassical trajectories (schematic) for
electrons (blue lines with arrows) and holes (red lines with arrows)
in graphene Corbino disk containing a p-n junction (black dash-dot
line) placed in a weak (top panel), moderate (middle panel), and
strong (bottom panel) magnetic field B = (0, 0, B), with B > 0.
Left and right subplots correspond to the opposite polarity of a volt-
age source driving a current between circular leads (shadow areas).
The coordinate system used in the calculations is also shown.
II. MODEL AND METHODS
A. The effective Dirac equation
Let us start by considering a ring-shaped sample, char-
acterized by the inner radius Ri and the outer radius Ro,
surrounded by metallic contacts modelled by heavily-doped
graphene areas (we set Ro = 4Ri = 200 nm for all systems
considered in the paper). Since we focus on smooth (or long-
range) disorder, the intervalley scattering can be neglected and
one can consider the single-valley Dirac equation
(ξpixσx + piyσy)ψ (r, φ) =
[E − V (r, φ)−M (r, φ)σz]ψ (r, φ) , (1)
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Figure 2: Quantum Hall states propagating along a p-n junction in
the strong-field limit, forB > 0 (top) andB < 0 (bottom). Diagonal
double arrows indicate the system symmetry upon a simultaneous
time reversal and magnetic field inversion.
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Figure 3: The separation of valley currents (top) and the valley
polarization (bottom). A constant staggered potential induces the
effective mass M > 0 in the upper half of the disk (dotted area).
Gate electrodes (not shown) tune the doping in the lower half which
is undoped (top), p-doped (bottom left), or n-doped (bottom right).
where ξ = 1 (−1) is the valley index for K (K ′) val-
ley, σα (with α = x, y, z) is the Pauli matrix, piα/vF =
(−i~∂α + eAα) is the gauge-invariant momentum operator
with vF ≈ 106 m/s the Fermi velocity, E denotes the Fermi
energy, and V (r, φ) and M (r, φ) are position-dependent
electrostatic potential energy and mass (respectively) in po-
3lar coordinates (r, φ). We choose the symmetric gauge A =
B
2 (−y, x) with a uniform magnetic field B. Furthermore,
B 6= 0 for the disk area (Ri < r < Ro) only; inside the
leads (r < Ri or r > Ro) we simply set B = 0, as the value
ofB becomes irrelevant in the high-doping limit (see e.g. Ref.
[34]).
In the case of a system with cylindrical symmetry (namely,
V and M being φ-independent), the Hamiltonian in Eq.
(1) commutes with the angular-momentum operator, Lz =
−i~∂φ + ξ~σz/2, and the wavefunction can be expressed as a
product of radial and angular parts
ψl (r, φ) = ϕl (φ) θl (r) ≡ ei(l−ξσz/2)φ
[
θA,l (r)
θB,l (r)
]
, (2)
where l is an half-odd integer, and A (B) labels the upper
(lower) spinor element.
B. Mode-matching in the angular-momentum space
To solve the scatering problem numerically we simplify
here, for the case of a monolayer, the method earlier devel-
oped for the Corbino disk in bilayer graphene [46].
If V or M in Eq. (1) is φ-dependent the cylindrical sym-
metry is broken, however, one still can employ the angular-
momentum eigenfunctions to represent a general solution as
a superposition
ψ (r, φ) =
∑
k
ψk (r, φ) , (3)
with ψk (r, φ) given by Eq. (2) [see also Appendix A].
Substituting the above into Eq. (1) we obtain
∑
k
~vF
[
∂r − fk (r)
]
ψk (r, φ) =∑
k
ξ {iσx [E − V (r, φ)]− σyM (r, φ)}ψk (r, φ) , (4)
where fk (r) =
[
ξ
(
k/r + l−2B r/2
)
σz − 1/ (2r) I2×2
]
, the
magnetic length lB =
√
~/ (eB), and In×n is the n×n iden-
tity matrix. Multiplication over the conjugate angular wave-
function ϕ∗l (φ) and subsequent integration over the polar an-
gle φ leads to[
∂r − f l (r)− iσx ξE~vF
]
θl (r) =∑
k
ξ [−iσxVlk (r)− σyMlk (r)] θk (r) , (5)
with
Vlk (r) =
1
2pi
2pi∫
0
dφ [V (r, φ) / (~vF )] ei(k−l)φ, (6)
and
Mlk (r) =
1
2pi
2pi∫
0
dφ [M (r, φ) / (~vF )] ei(k−l)φ. (7)
(Notice that the angular dependence of V orM introduces the
mode-mixing in our scattering problem.)
The general solution of Eq. (5) can be written as a vector
θ (r) =
[
θAlmin (r) , ..., θ
A
lmax
(r) , θBlmin (r) , ..., θ
B
lmax
(r)
]T
,
with cutoff angular-momentum quantum numbers lmin and
lmax. (Hereinafter, L = lmax − lmin + 1 is the total number
of transmission modes.) Subsequently, one can write
{[∂r + 1/ (2r)] I2L×2L − ξσz ⊗ L}θ (r) =
ξ
[
i
E
~vF
σx ⊗ IL×L − iσx ⊗ V− σy ⊗M
]
θ (r) , (8)
where A ⊗ B is the Kronecker product of matrices A and B,
and the diagonal matrix
L = diag
(
lmin
r
+
r
2l2B
,
lmin+1
r
+
r
2l2B
,
. . . ,
lmax
r
+
r
2l2B
)
. (9)
Once the scattering matrix is determined (see Appendix A
for details), transport properties of the system can be calcu-
lated within the Landauer-Büttiker formalism in the linear-
response regime [47, 48]. In particular, the electrical conduc-
tance and valley polarization are given by
G = G0
∑
ξ=±1
TrTξ, P = TrTξ=1 − TrTξ=−1TrTξ=1 + TrTξ=−1 , (10)
where G0 = 2e2/h, the prefactor 2 marks the spin degener-
acy (we neglect the Zeeman effect [49]), and Tξ = t
†
ξtξ with
tξ being the transmission matrix for one valley. We further
neglect the electron-electron interaction and electron-phonon
coupling, which is a common approach to nanosystems in
monolayer graphene close to the Dirac point, as the scattering
processes associated with these many-body effects are usually
slower than the ballistic-transport processes [50, 51].
The matrix t is also employed when calculating the radial
current density, which is given by
jr (r, φ) = evF
∑
l
ψ†l (r, φ) Jr(φ)ψl (r, φ) , (11)
with the radial current density operator
Jr(φ) = ξσx cosφ+ σy sinφ, (12)
and ψl (r, φ) =
∑
k (tξ)l,k e
i(k−ξσz/2)φ (1, ξ)T /
√
r being
the transmitted wavefunction in the outer contact (r > Ro).
The matrix element (tξ)l,k denotes the transmission proba-
bility amplitude from channel k to l. Similarly, the cartesian
components of the current density j(r, φ) = ( jx, jy ) are cal-
culated by replacing the operator Jr in Eq. (11) by
Jx = ξσx or Jy = σy (respectively). (13)
4III. QUANTUM TRANSPORT IN CROSSED ELECTRIC
AND MAGNETIC FIELDS
A. Definitions
In order to study a role of the p-n junction in quantum
transport through graphene-based Corbino disk, we choose
the electrostatic potential energy as follows
V (r, φ) = −eEr sin (φ− φV ) , (14)
where E is the electric field (we further define V ≡ eERo)
and the angle φV defines the crystallographic orientation of
the p-n interface [52, 53]. Furthermore, we investigate how
the transport is affected by the mass term
M (r, φ) = MΘ (φ− φM ) Θ (pi + φM − φ) , (15)
with the angle φM specifying the mass arrangement, and
Θ (x) being the Heaviside step function. The mass term
given by Eq. (15) is restricted to a half of the disk, φ ∈
[φM , pi + φM ], see Fig. 4. In the heavily-doped contact re-
gions, V (r, φ) =M (r, φ) = 0.
It is worth to mention that we have also considered
other functional forms of the mass term, inluding M (r, φ)
smoothly varying with the distance from a p-n junction, al-
ways finding a parameter range in which the valley-filtering
mechanism that we describe was highly efficient. Even for
a simple model given by Eq. (15), changing the Fermi energy
(E) allows one to shift a p-n interface (E−V (r, φ) = 0) with
respect to the mass boundary, leading to a rich phase diagram
discussed later in this section.
The specific forms of the potential energy V (r, φ) and the
mass termM (r, φ), given by Eqs. (14) and (15), lead to the
matrix elements
Vlk = −δ|l−k|,1 V rpi
hvFRo
ik−l exp [i (k − l)φV ] , (16)
and
Mlk =
Mr
hvFRo
{
pi if |l − k| = 1,
i 1−(−1)
k−l
k−l e
i(k−l)φM if |l − k| 6= 1.
(17)
B. Quantum Hall regime in the massless case
We consider now the case ofM = 0 in Eq. (15). The Fermi
energy is set asE = 0 and thus the p-n interface overlaps with
the disk diameter (ypn = 0) for any V 6= 0.
For moderate values of the electric field (|V | < 10 meV)
and weak magnetic fields the magnetoconductance behavior
is same as in a case without the p-n junction [34], see Fig. 5.
The increase of G at weak magnetic fields, visible for |V | =
10 meV, indicates the system is close to the ballistic transport
regime. This occurs when the (position-dependent) cyclotron
diameter 2rc(0, y) & Ro−Ri, enhancing vertical currents
y
(+)
e↵
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<latexit sha1_base64="ji901oh+rfsSbCIbXriaTBqidAc=">AAAB 5XicdVDLSgMxFL1TX7W+qi7dpBbB1TAzDn0shIJUXFawttKWkkkzbWjmQZIRSukvuFFcKf6Ov+DfmGnroqIHAodzTrj3XC/mTCrL+jIya+sbm1v Z7dzO7t7+Qf7w6F5GiSC0SSIeibaHJeUspE3FFKftWFAceJy2vPFV6rceqZAsCu/UJKa9AA9D5jOClZYe6t3CZbdQ71/380XLrFZKjltClmlZZdu xU+KU3QsX2VpJUYQlGv38Z3cQkSSgoSIcS9mxrVj1plgoRjid5bqJpDEmYzyk0/maM3SmpQHyI6FfqNBcXcnhQMpJ4OlkgNVI/vZS8S+vkyi/0p uyME4UDclikJ9wpCKUdkYDJihRfKIJJoLpDREZYYGJ0pfJ6eo//dD/pOmYVdO+dYs1Z3mDLJzAKZyDDWWowQ00oAkEAniGN3g3RsaT8WK8LqIZY /nnGFZgfHwDrk+K6w==</latexit><latexit sha1_base64="ji901oh+rfsSbCIbXriaTBqidAc=">AAAB 5XicdVDLSgMxFL1TX7W+qi7dpBbB1TAzDn0shIJUXFawttKWkkkzbWjmQZIRSukvuFFcKf6Ov+DfmGnroqIHAodzTrj3XC/mTCrL+jIya+sbm1v Z7dzO7t7+Qf7w6F5GiSC0SSIeibaHJeUspE3FFKftWFAceJy2vPFV6rceqZAsCu/UJKa9AA9D5jOClZYe6t3CZbdQ71/380XLrFZKjltClmlZZdu xU+KU3QsX2VpJUYQlGv38Z3cQkSSgoSIcS9mxrVj1plgoRjid5bqJpDEmYzyk0/maM3SmpQHyI6FfqNBcXcnhQMpJ4OlkgNVI/vZS8S+vkyi/0p uyME4UDclikJ9wpCKUdkYDJihRfKIJJoLpDREZYYGJ0pfJ6eo//dD/pOmYVdO+dYs1Z3mDLJzAKZyDDWWowQ00oAkEAniGN3g3RsaT8WK8LqIZY /nnGFZgfHwDrk+K6w==</latexit><latexit sha1_base64="ji901oh+rfsSbCIbXriaTBqidAc=">AAAB 5XicdVDLSgMxFL1TX7W+qi7dpBbB1TAzDn0shIJUXFawttKWkkkzbWjmQZIRSukvuFFcKf6Ov+DfmGnroqIHAodzTrj3XC/mTCrL+jIya+sbm1v Z7dzO7t7+Qf7w6F5GiSC0SSIeibaHJeUspE3FFKftWFAceJy2vPFV6rceqZAsCu/UJKa9AA9D5jOClZYe6t3CZbdQ71/380XLrFZKjltClmlZZdu xU+KU3QsX2VpJUYQlGv38Z3cQkSSgoSIcS9mxrVj1plgoRjid5bqJpDEmYzyk0/maM3SmpQHyI6FfqNBcXcnhQMpJ4OlkgNVI/vZS8S+vkyi/0p uyME4UDclikJ9wpCKUdkYDJihRfKIJJoLpDREZYYGJ0pfJ6eo//dD/pOmYVdO+dYs1Z3mDLJzAKZyDDWWowQ00oAkEAniGN3g3RsaT8WK8LqIZY /nnGFZgfHwDrk+K6w==</latexit><latexit sha1_base64="ji901oh+rfsSbCIbXriaTBqidAc=">AAAB 5XicdVDLSgMxFL1TX7W+qi7dpBbB1TAzDn0shIJUXFawttKWkkkzbWjmQZIRSukvuFFcKf6Ov+DfmGnroqIHAodzTrj3XC/mTCrL+jIya+sbm1v Z7dzO7t7+Qf7w6F5GiSC0SSIeibaHJeUspE3FFKftWFAceJy2vPFV6rceqZAsCu/UJKa9AA9D5jOClZYe6t3CZbdQ71/380XLrFZKjltClmlZZdu xU+KU3QsX2VpJUYQlGv38Z3cQkSSgoSIcS9mxrVj1plgoRjid5bqJpDEmYzyk0/maM3SmpQHyI6FfqNBcXcnhQMpJ4OlkgNVI/vZS8S+vkyi/0p uyME4UDclikJ9wpCKUdkYDJihRfKIJJoLpDREZYYGJ0pfJ6eo//dD/pOmYVdO+dYs1Z3mDLJzAKZyDDWWowQ00oAkEAniGN3g3RsaT8WK8LqIZY /nnGFZgfHwDrk+K6w==</latexit>
 V
<latexit sha1_base64="gCDY0RF/Cl5cjcJCuhVkeXH99Bo=">AAAB 3nicdVBNTwIxFHzrJ+IX6tFLIzHxImmJEbiRePGIxgUSIKRbutDQ7W7argkhnL1oPGn8Sf4F/41dwANGJ2kymZnmvXlBIoWxGH95a+sbm1vbuZ3 87t7+wWHh6Lhp4lQz7rNYxrodUMOlUNy3wkreTjSnUSB5KxjfZH7rkWsjYvVgJwnvRXSoRCgYtU66v2z2C0VcwhgTQlBGSOUaO1KrVcukikhmORR hiUa/8NkdxCyNuLJMUmM6BCe2N6XaCib5LN9NDU8oG9Mhn873m6FzJw1QGGv3lEVzdSVHI2MmUeCSEbUj89vLxL+8TmrDam8qVJJarthiUJhKZG OUlUUDoTmzcuIIZVq4DREbUU2ZdSfJu+o//dD/xC+XaiVyd1Wsl5c3yMEpnMEFEKhAHW6hAT4wCOEZ3uDdo96T9+K9LqJr3vLPCazA+/gGyNqIt g==</latexit><latexit sha1_base64="gCDY0RF/Cl5cjcJCuhVkeXH99Bo=">AAAB 3nicdVBNTwIxFHzrJ+IX6tFLIzHxImmJEbiRePGIxgUSIKRbutDQ7W7argkhnL1oPGn8Sf4F/41dwANGJ2kymZnmvXlBIoWxGH95a+sbm1vbuZ3 87t7+wWHh6Lhp4lQz7rNYxrodUMOlUNy3wkreTjSnUSB5KxjfZH7rkWsjYvVgJwnvRXSoRCgYtU66v2z2C0VcwhgTQlBGSOUaO1KrVcukikhmORR hiUa/8NkdxCyNuLJMUmM6BCe2N6XaCib5LN9NDU8oG9Mhn873m6FzJw1QGGv3lEVzdSVHI2MmUeCSEbUj89vLxL+8TmrDam8qVJJarthiUJhKZG OUlUUDoTmzcuIIZVq4DREbUU2ZdSfJu+o//dD/xC+XaiVyd1Wsl5c3yMEpnMEFEKhAHW6hAT4wCOEZ3uDdo96T9+K9LqJr3vLPCazA+/gGyNqIt g==</latexit><latexit sha1_base64="gCDY0RF/Cl5cjcJCuhVkeXH99Bo=">AAAB 3nicdVBNTwIxFHzrJ+IX6tFLIzHxImmJEbiRePGIxgUSIKRbutDQ7W7argkhnL1oPGn8Sf4F/41dwANGJ2kymZnmvXlBIoWxGH95a+sbm1vbuZ3 87t7+wWHh6Lhp4lQz7rNYxrodUMOlUNy3wkreTjSnUSB5KxjfZH7rkWsjYvVgJwnvRXSoRCgYtU66v2z2C0VcwhgTQlBGSOUaO1KrVcukikhmORR hiUa/8NkdxCyNuLJMUmM6BCe2N6XaCib5LN9NDU8oG9Mhn873m6FzJw1QGGv3lEVzdSVHI2MmUeCSEbUj89vLxL+8TmrDam8qVJJarthiUJhKZG OUlUUDoTmzcuIIZVq4DREbUU2ZdSfJu+o//dD/xC+XaiVyd1Wsl5c3yMEpnMEFEKhAHW6hAT4wCOEZ3uDdo96T9+K9LqJr3vLPCazA+/gGyNqIt g==</latexit><latexit sha1_base64="gCDY0RF/Cl5cjcJCuhVkeXH99Bo=">AAAB 3nicdVBNTwIxFHzrJ+IX6tFLIzHxImmJEbiRePGIxgUSIKRbutDQ7W7argkhnL1oPGn8Sf4F/41dwANGJ2kymZnmvXlBIoWxGH95a+sbm1vbuZ3 87t7+wWHh6Lhp4lQz7rNYxrodUMOlUNy3wkreTjSnUSB5KxjfZH7rkWsjYvVgJwnvRXSoRCgYtU66v2z2C0VcwhgTQlBGSOUaO1KrVcukikhmORR hiUa/8NkdxCyNuLJMUmM6BCe2N6XaCib5LN9NDU8oG9Mhn873m6FzJw1QGGv3lEVzdSVHI2MmUeCSEbUj89vLxL+8TmrDam8qVJJarthiUJhKZG OUlUUDoTmzcuIIZVq4DREbUU2ZdSfJu+o//dD/xC+XaiVyd1Wsl5c3yMEpnMEFEKhAHW6hAT4wCOEZ3uDdo96T9+K9LqJr3vLPCazA+/gGyNqIt g==</latexit>
ypn
<latexit sha1_base64="/3mz8zpSBeK4zUnZJXFn/IPRq8k=">AAAB 5nicbVDLSsNAFL2pr1pfVZduBovgqiRFUHcFNy4rGFtsS5lMJ+3QySTM3Agh9BvcKK4UP8df8G+cttm09cDA4Zwz3HtukEhh0HV/ndLG5tb2Tnm 3srd/cHhUPT55MnGqGfdZLGPdCajhUijuo0DJO4nmNAokbweTu5nffuHaiFg9YpbwfkRHSoSCUbTSczbIezoiiZoOqjW37s5B1olXkBoUaA2qP71 hzNKIK2SSGtP13AT7OdUomOTTSi81PKFsQkc8n+85JRdWGpIw1vYpJHN1KUcjY7IosMmI4tisejPxP6+bYnjTz4VKUuSKLQaFqSQYk1lpMhSaM5 SZJZRpYTckbEw1ZWhPU7HVvdWi68Rv1G/r3sNVrdkoblCGMziHS/DgGppwDy3wgYGCN/iEL0c4r86787GIlpzizykswfn+A+gjjFY=</latexit ><latexit sha1_base64="/3mz8zpSBeK4zUnZJXFn/IPRq8k=">AAAB 5nicbVDLSsNAFL2pr1pfVZduBovgqiRFUHcFNy4rGFtsS5lMJ+3QySTM3Agh9BvcKK4UP8df8G+cttm09cDA4Zwz3HtukEhh0HV/ndLG5tb2Tnm 3srd/cHhUPT55MnGqGfdZLGPdCajhUijuo0DJO4nmNAokbweTu5nffuHaiFg9YpbwfkRHSoSCUbTSczbIezoiiZoOqjW37s5B1olXkBoUaA2qP71 hzNKIK2SSGtP13AT7OdUomOTTSi81PKFsQkc8n+85JRdWGpIw1vYpJHN1KUcjY7IosMmI4tisejPxP6+bYnjTz4VKUuSKLQaFqSQYk1lpMhSaM5 SZJZRpYTckbEw1ZWhPU7HVvdWi68Rv1G/r3sNVrdkoblCGMziHS/DgGppwDy3wgYGCN/iEL0c4r86787GIlpzizykswfn+A+gjjFY=</latexit ><latexit sha1_base64="/3mz8zpSBeK4zUnZJXFn/IPRq8k=">AAAB 5nicbVDLSsNAFL2pr1pfVZduBovgqiRFUHcFNy4rGFtsS5lMJ+3QySTM3Agh9BvcKK4UP8df8G+cttm09cDA4Zwz3HtukEhh0HV/ndLG5tb2Tnm 3srd/cHhUPT55MnGqGfdZLGPdCajhUijuo0DJO4nmNAokbweTu5nffuHaiFg9YpbwfkRHSoSCUbTSczbIezoiiZoOqjW37s5B1olXkBoUaA2qP71 hzNKIK2SSGtP13AT7OdUomOTTSi81PKFsQkc8n+85JRdWGpIw1vYpJHN1KUcjY7IosMmI4tisejPxP6+bYnjTz4VKUuSKLQaFqSQYk1lpMhSaM5 SZJZRpYTckbEw1ZWhPU7HVvdWi68Rv1G/r3sNVrdkoblCGMziHS/DgGppwDy3wgYGCN/iEL0c4r86787GIlpzizykswfn+A+gjjFY=</latexit ><latexit sha1_base64="/3mz8zpSBeK4zUnZJXFn/IPRq8k=">AAAB 5nicbVDLSsNAFL2pr1pfVZduBovgqiRFUHcFNy4rGFtsS5lMJ+3QySTM3Agh9BvcKK4UP8df8G+cttm09cDA4Zwz3HtukEhh0HV/ndLG5tb2Tnm 3srd/cHhUPT55MnGqGfdZLGPdCajhUijuo0DJO4nmNAokbweTu5nffuHaiFg9YpbwfkRHSoSCUbTSczbIezoiiZoOqjW37s5B1olXkBoUaA2qP71 hzNKIK2SSGtP13AT7OdUomOTTSi81PKFsQkc8n+85JRdWGpIw1vYpJHN1KUcjY7IosMmI4tisejPxP6+bYnjTz4VKUuSKLQaFqSQYk1lpMhSaM5 SZJZRpYTckbEw1ZWhPU7HVvdWi68Rv1G/r3sNVrdkoblCGMziHS/DgGppwDy3wgYGCN/iEL0c4r86787GIlpzizykswfn+A+gjjFY=</latexit >
 Ro
<latexit sha1_base64="Kf0OvHqnSEy8CupDSVRTRua/LnA=">AAAB 4HicbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NKjRZuCisyOszo4u7PM3A1E/AG9FD0V/aL+Qv+mWd0XtQMDh3POcO+5QSKFQdf9dQobm1vbO8X d0t7+weFR+fjk2ahUM+4zJZVuB9RwKWLuo0DJ24nmNAokbwXju8xvvXBthIqfcJLwXkSHsQgFo5hJV4991S9X3Ko7B1knXk4qkKPZL/90B4qlEY+ RSWpMx3MT7E2pRsEkn5W6qeEJZWM65NP5hjNyYaUBCZW2L0YyV5dyNDJmEgU2GVEcmVUvE//zOimGN72piJMUecwWg8JUElQkq0sGQnOGcmIJZV rYDQkbUU0Z2qOUbHVvteg68WvV26r3UK80avkNinAG53AJHlxDA+6hCT4wGMEbfMKXw5xX5935WEQLTv7nFJbgfP8B8tSJXg==</latexit><latexit sha1_base64="Kf0OvHqnSEy8CupDSVRTRua/LnA=">AAAB 4HicbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NKjRZuCisyOszo4u7PM3A1E/AG9FD0V/aL+Qv+mWd0XtQMDh3POcO+5QSKFQdf9dQobm1vbO8X d0t7+weFR+fjk2ahUM+4zJZVuB9RwKWLuo0DJ24nmNAokbwXju8xvvXBthIqfcJLwXkSHsQgFo5hJV4991S9X3Ko7B1knXk4qkKPZL/90B4qlEY+ RSWpMx3MT7E2pRsEkn5W6qeEJZWM65NP5hjNyYaUBCZW2L0YyV5dyNDJmEgU2GVEcmVUvE//zOimGN72piJMUecwWg8JUElQkq0sGQnOGcmIJZV rYDQkbUU0Z2qOUbHVvteg68WvV26r3UK80avkNinAG53AJHlxDA+6hCT4wGMEbfMKXw5xX5935WEQLTv7nFJbgfP8B8tSJXg==</latexit><latexit sha1_base64="Kf0OvHqnSEy8CupDSVRTRua/LnA=">AAAB 4HicbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NKjRZuCisyOszo4u7PM3A1E/AG9FD0V/aL+Qv+mWd0XtQMDh3POcO+5QSKFQdf9dQobm1vbO8X d0t7+weFR+fjk2ahUM+4zJZVuB9RwKWLuo0DJ24nmNAokbwXju8xvvXBthIqfcJLwXkSHsQgFo5hJV4991S9X3Ko7B1knXk4qkKPZL/90B4qlEY+ RSWpMx3MT7E2pRsEkn5W6qeEJZWM65NP5hjNyYaUBCZW2L0YyV5dyNDJmEgU2GVEcmVUvE//zOimGN72piJMUecwWg8JUElQkq0sGQnOGcmIJZV rYDQkbUU0Z2qOUbHVvteg68WvV26r3UK80avkNinAG53AJHlxDA+6hCT4wGMEbfMKXw5xX5935WEQLTv7nFJbgfP8B8tSJXg==</latexit><latexit sha1_base64="Kf0OvHqnSEy8CupDSVRTRua/LnA=">AAAB 4HicbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NKjRZuCisyOszo4u7PM3A1E/AG9FD0V/aL+Qv+mWd0XtQMDh3POcO+5QSKFQdf9dQobm1vbO8X d0t7+weFR+fjk2ahUM+4zJZVuB9RwKWLuo0DJ24nmNAokbwXju8xvvXBthIqfcJLwXkSHsQgFo5hJV4991S9X3Ko7B1knXk4qkKPZL/90B4qlEY+ RSWpMx3MT7E2pRsEkn5W6qeEJZWM65NP5hjNyYaUBCZW2L0YyV5dyNDJmEgU2GVEcmVUvE//zOimGN72piJMUecwWg8JUElQkq0sGQnOGcmIJZV rYDQkbUU0Z2qOUbHVvteg68WvV26r3UK80avkNinAG53AJHlxDA+6hCT4wGMEbfMKXw5xX5935WEQLTv7nFJbgfP8B8tSJXg==</latexit>
Ro
<latexit sha1_base64="MIWFmeTvx7i0wB3NtE+CDRgO9Yg=">AAAB 33icbVDLSgMxFL3xWeur6tJNsAiuykwR1F3Bjcv6GFtoS8mkmTY0MxmSO0Ip3btRXCn+kb/g35i2s2nrgcDhnBPuPTdMlbToeb9kbX1jc2u7sFP c3ds/OCwdHT9bnRkuAq6VNs2QWaFkIgKUqEQzNYLFoRKNcHg79RsvwlipkyccpaITs34iI8kZOunxoau7pbJX8Wagq8TPSRly1Luln3ZP8ywWCXL FrG35XoqdMTMouRKTYjuzImV8yPpiPFtwQs+d1KORNu4lSGfqQo7F1o7i0CVjhgO77E3F/7xWhtF1ZyyTNEOR8PmgKFMUNZ22pT1pBEc1coRxI9 2GlA+YYRzdTYquur9cdJUE1cpNxb+/LNeq+Q0KcApncAE+XEEN7qAOAXDowxt8whcJySt5Jx/z6BrJ/5zAAsj3H4sriSc=</latexit><latexit sha1_base64="MIWFmeTvx7i0wB3NtE+CDRgO9Yg=">AAAB 33icbVDLSgMxFL3xWeur6tJNsAiuykwR1F3Bjcv6GFtoS8mkmTY0MxmSO0Ip3btRXCn+kb/g35i2s2nrgcDhnBPuPTdMlbToeb9kbX1jc2u7sFP c3ds/OCwdHT9bnRkuAq6VNs2QWaFkIgKUqEQzNYLFoRKNcHg79RsvwlipkyccpaITs34iI8kZOunxoau7pbJX8Wagq8TPSRly1Luln3ZP8ywWCXL FrG35XoqdMTMouRKTYjuzImV8yPpiPFtwQs+d1KORNu4lSGfqQo7F1o7i0CVjhgO77E3F/7xWhtF1ZyyTNEOR8PmgKFMUNZ22pT1pBEc1coRxI9 2GlA+YYRzdTYquur9cdJUE1cpNxb+/LNeq+Q0KcApncAE+XEEN7qAOAXDowxt8whcJySt5Jx/z6BrJ/5zAAsj3H4sriSc=</latexit><latexit sha1_base64="MIWFmeTvx7i0wB3NtE+CDRgO9Yg=">AAAB 33icbVDLSgMxFL3xWeur6tJNsAiuykwR1F3Bjcv6GFtoS8mkmTY0MxmSO0Ip3btRXCn+kb/g35i2s2nrgcDhnBPuPTdMlbToeb9kbX1jc2u7sFP c3ds/OCwdHT9bnRkuAq6VNs2QWaFkIgKUqEQzNYLFoRKNcHg79RsvwlipkyccpaITs34iI8kZOunxoau7pbJX8Wagq8TPSRly1Luln3ZP8ywWCXL FrG35XoqdMTMouRKTYjuzImV8yPpiPFtwQs+d1KORNu4lSGfqQo7F1o7i0CVjhgO77E3F/7xWhtF1ZyyTNEOR8PmgKFMUNZ22pT1pBEc1coRxI9 2GlA+YYRzdTYquur9cdJUE1cpNxb+/LNeq+Q0KcApncAE+XEEN7qAOAXDowxt8whcJySt5Jx/z6BrJ/5zAAsj3H4sriSc=</latexit><latexit sha1_base64="MIWFmeTvx7i0wB3NtE+CDRgO9Yg=">AAAB 33icbVDLSgMxFL3xWeur6tJNsAiuykwR1F3Bjcv6GFtoS8mkmTY0MxmSO0Ip3btRXCn+kb/g35i2s2nrgcDhnBPuPTdMlbToeb9kbX1jc2u7sFP c3ds/OCwdHT9bnRkuAq6VNs2QWaFkIgKUqEQzNYLFoRKNcHg79RsvwlipkyccpaITs34iI8kZOunxoau7pbJX8Wagq8TPSRly1Luln3ZP8ywWCXL FrG35XoqdMTMouRKTYjuzImV8yPpiPFtwQs+d1KORNu4lSGfqQo7F1o7i0CVjhgO77E3F/7xWhtF1ZyyTNEOR8PmgKFMUNZ22pT1pBEc1coRxI9 2GlA+YYRzdTYquur9cdJUE1cpNxb+/LNeq+Q0KcApncAE+XEEN7qAOAXDowxt8whcJySt5Jx/z6BrJ/5zAAsj3H4sriSc=</latexit>
V
<latexit sha1_base64="0YopXTjTSUyDnf/zx6T4oMTdOJM=">AAAB 3XicdVBNTwIxFHyLX4hfqEcvjcTEE2mJEbiRePEIiYskQLBbutDQ7W7argkhXL1oPGn8S/4F/41dwANGJ2kymZnmvXlBIoWxGH95uY3Nre2d/G5 hb//g8Kh4fNI2caoZ91ksY90JqOFSKO5bYSXvJJrTKJD8PpjcZP79I9dGxOrOThPej+hIiVAwap3Uag+KJVzGGBNCUEZI9Ro7Uq/XKqSGSGY5lGC F5qD42RvGLI24skxSY7oEJ7Y/o9oKJvm80EsNTyib0BGfLdabowsnDVEYa/eURQt1LUcjY6ZR4JIRtWPz28vEv7xuasNafyZUklqu2HJQmEpkY5 R1RUOhObNy6ghlWrgNERtTTZl1Fym46j/90P/Er5TrZdK6KjUqqxvk4QzO4RIIVKEBt9AEHxhweIY3ePcevCfvxXtdRnPe6s8prMH7+AZhj4h/< /latexit><latexit sha1_base64="0YopXTjTSUyDnf/zx6T4oMTdOJM=">AAAB 3XicdVBNTwIxFHyLX4hfqEcvjcTEE2mJEbiRePEIiYskQLBbutDQ7W7argkhXL1oPGn8S/4F/41dwANGJ2kymZnmvXlBIoWxGH95uY3Nre2d/G5 hb//g8Kh4fNI2caoZ91ksY90JqOFSKO5bYSXvJJrTKJD8PpjcZP79I9dGxOrOThPej+hIiVAwap3Uag+KJVzGGBNCUEZI9Ro7Uq/XKqSGSGY5lGC F5qD42RvGLI24skxSY7oEJ7Y/o9oKJvm80EsNTyib0BGfLdabowsnDVEYa/eURQt1LUcjY6ZR4JIRtWPz28vEv7xuasNafyZUklqu2HJQmEpkY5 R1RUOhObNy6ghlWrgNERtTTZl1Fym46j/90P/Er5TrZdK6KjUqqxvk4QzO4RIIVKEBt9AEHxhweIY3ePcevCfvxXtdRnPe6s8prMH7+AZhj4h/< /latexit><latexit sha1_base64="0YopXTjTSUyDnf/zx6T4oMTdOJM=">AAAB 3XicdVBNTwIxFHyLX4hfqEcvjcTEE2mJEbiRePEIiYskQLBbutDQ7W7argkhXL1oPGn8S/4F/41dwANGJ2kymZnmvXlBIoWxGH95uY3Nre2d/G5 hb//g8Kh4fNI2caoZ91ksY90JqOFSKO5bYSXvJJrTKJD8PpjcZP79I9dGxOrOThPej+hIiVAwap3Uag+KJVzGGBNCUEZI9Ro7Uq/XKqSGSGY5lGC F5qD42RvGLI24skxSY7oEJ7Y/o9oKJvm80EsNTyib0BGfLdabowsnDVEYa/eURQt1LUcjY6ZR4JIRtWPz28vEv7xuasNafyZUklqu2HJQmEpkY5 R1RUOhObNy6ghlWrgNERtTTZl1Fym46j/90P/Er5TrZdK6KjUqqxvk4QzO4RIIVKEBt9AEHxhweIY3ePcevCfvxXtdRnPe6s8prMH7+AZhj4h/< /latexit><latexit sha1_base64="0YopXTjTSUyDnf/zx6T4oMTdOJM=">AAAB 3XicdVBNTwIxFHyLX4hfqEcvjcTEE2mJEbiRePEIiYskQLBbutDQ7W7argkhXL1oPGn8S/4F/41dwANGJ2kymZnmvXlBIoWxGH95uY3Nre2d/G5 hb//g8Kh4fNI2caoZ91ksY90JqOFSKO5bYSXvJJrTKJD8PpjcZP79I9dGxOrOThPej+hIiVAwap3Uag+KJVzGGBNCUEZI9Ro7Uq/XKqSGSGY5lGC F5qD42RvGLI24skxSY7oEJ7Y/o9oKJvm80EsNTyib0BGfLdabowsnDVEYa/eURQt1LUcjY6ZR4JIRtWPz28vEv7xuasNafyZUklqu2HJQmEpkY5 R1RUOhObNy6ghlWrgNERtTTZl1Fym46j/90P/Er5TrZdK6KjUqqxvk4QzO4RIIVKEBt9AEHxhweIY3ePcevCfvxXtdRnPe6s8prMH7+AZhj4h/< /latexit>
M
(y)+V(y)
<latexit sha1_base64="UU3dpF93OsUY+ppxd57mJE9g8ow=">AAAB+XicbVDLSsNAF L3xWesr6rKbqUWoCCUpgroruHEjVDBtoSllMp22QycPZiZCiF34K24UV4o/4S/4N07abNp6YODcc+5l7j1exJlUlvVrrK1vbG5tF3aKu3v7B4fm0XFLhrEg1CEhD0XHw5JyFlBHM cVpJxIU+x6nbW9ym/ntJyokC4NHlUS05+NRwIaMYKWlvllKXYI5up9Wk3O3fOGW53Urq/tmxapZM6BVYuekAjmaffPHHYQk9mmgCMdSdm0rUr0UC8UIp9OiG0saYTLBI5rOVp+iMy 0N0DAU+gUKzdSFPuxLmfie7vSxGstlLxP/87qxGl73UhZEsaIBmX80jDlSIcpyQAMmKFE80QQTwfSGiIyxwETptIr6dHv50FXi1Gs3NfvhstKo5xkUoASnUAUbrqABd9AEBwi8wBt 8wpfxbLwa78bHvHXNyGdOYAHG9x/+25HM</latexit><latexit sha1_base64="UU3dpF93OsUY+ppxd57mJE9g8ow=">AAAB+XicbVDLSsNAF L3xWesr6rKbqUWoCCUpgroruHEjVDBtoSllMp22QycPZiZCiF34K24UV4o/4S/4N07abNp6YODcc+5l7j1exJlUlvVrrK1vbG5tF3aKu3v7B4fm0XFLhrEg1CEhD0XHw5JyFlBHM cVpJxIU+x6nbW9ym/ntJyokC4NHlUS05+NRwIaMYKWlvllKXYI5up9Wk3O3fOGW53Urq/tmxapZM6BVYuekAjmaffPHHYQk9mmgCMdSdm0rUr0UC8UIp9OiG0saYTLBI5rOVp+iMy 0N0DAU+gUKzdSFPuxLmfie7vSxGstlLxP/87qxGl73UhZEsaIBmX80jDlSIcpyQAMmKFE80QQTwfSGiIyxwETptIr6dHv50FXi1Gs3NfvhstKo5xkUoASnUAUbrqABd9AEBwi8wBt 8wpfxbLwa78bHvHXNyGdOYAHG9x/+25HM</latexit><latexit sha1_base64="UU3dpF93OsUY+ppxd57mJE9g8ow=">AAAB+XicbVDLSsNAF L3xWesr6rKbqUWoCCUpgroruHEjVDBtoSllMp22QycPZiZCiF34K24UV4o/4S/4N07abNp6YODcc+5l7j1exJlUlvVrrK1vbG5tF3aKu3v7B4fm0XFLhrEg1CEhD0XHw5JyFlBHM cVpJxIU+x6nbW9ym/ntJyokC4NHlUS05+NRwIaMYKWlvllKXYI5up9Wk3O3fOGW53Urq/tmxapZM6BVYuekAjmaffPHHYQk9mmgCMdSdm0rUr0UC8UIp9OiG0saYTLBI5rOVp+iMy 0N0DAU+gUKzdSFPuxLmfie7vSxGstlLxP/87qxGl73UhZEsaIBmX80jDlSIcpyQAMmKFE80QQTwfSGiIyxwETptIr6dHv50FXi1Gs3NfvhstKo5xkUoASnUAUbrqABd9AEBwi8wBt 8wpfxbLwa78bHvHXNyGdOYAHG9x/+25HM</latexit><latexit sha1_base64="UU3dpF93OsUY+ppxd57mJE9g8ow=">AAAB+XicbVDLSsNAF L3xWesr6rKbqUWoCCUpgroruHEjVDBtoSllMp22QycPZiZCiF34K24UV4o/4S/4N07abNp6YODcc+5l7j1exJlUlvVrrK1vbG5tF3aKu3v7B4fm0XFLhrEg1CEhD0XHw5JyFlBHM cVpJxIU+x6nbW9ym/ntJyokC4NHlUS05+NRwIaMYKWlvllKXYI5up9Wk3O3fOGW53Urq/tmxapZM6BVYuekAjmaffPHHYQk9mmgCMdSdm0rUr0UC8UIp9OiG0saYTLBI5rOVp+iMy 0N0DAU+gUKzdSFPuxLmfie7vSxGstlLxP/87qxGl73UhZEsaIBmX80jDlSIcpyQAMmKFE80QQTwfSGiIyxwETptIr6dHv50FXi1Gs3NfvhstKo5xkUoASnUAUbrqABd9AEBwi8wBt 8wpfxbLwa78bHvHXNyGdOYAHG9x/+25HM</latexit>
 M
(y)+V(y)
<latexit sha1_base64="ENl4eZbIYY1ZVq6HuNEuHbXKTbM=">AAAB+nicbVDLSsNAF L2pr1pfUZe6mFqEiliSIqi7ghs3QgVjC00pk+mkHTp5MDMRQsjGX3GjuFL8CH/BvzFps2nrgYFzz7mXufc4IWdSGcavVlpZXVvfKG9WtrZ3dvf0/YMnGUSCUIsEPBBdB0vKmU8txR Sn3VBQ7DmcdpzJbe53nqmQLPAfVRzSvodHPnMZwSqTBvrxRWITzNF9Wo/P7Oq5XZ3VT3k90GtGw5gCLROzIDUo0B7oP/YwIJFHfUU4lrJnGqHqJ1goRjhNK3YkaYjJBI9oMt09Rae ZNERuILLnKzRV5/qwJ2XsOVmnh9VYLnq5+J/Xi5R73U+YH0aK+mT2kRtxpAKUB4GGTFCieJwRTATLNkRkjAUmKourkp1uLh66TKxm46ZhPlzWWs0igzIcwQnUwYQraMEdtMECAi/w Bp/wpaXaq/aufcxaS1oxcwhz0L7/AGsakgM=</latexit><latexit sha1_base64="ENl4eZbIYY1ZVq6HuNEuHbXKTbM=">AAAB+nicbVDLSsNAF L2pr1pfUZe6mFqEiliSIqi7ghs3QgVjC00pk+mkHTp5MDMRQsjGX3GjuFL8CH/BvzFps2nrgYFzz7mXufc4IWdSGcavVlpZXVvfKG9WtrZ3dvf0/YMnGUSCUIsEPBBdB0vKmU8txR Sn3VBQ7DmcdpzJbe53nqmQLPAfVRzSvodHPnMZwSqTBvrxRWITzNF9Wo/P7Oq5XZ3VT3k90GtGw5gCLROzIDUo0B7oP/YwIJFHfUU4lrJnGqHqJ1goRjhNK3YkaYjJBI9oMt09Rae ZNERuILLnKzRV5/qwJ2XsOVmnh9VYLnq5+J/Xi5R73U+YH0aK+mT2kRtxpAKUB4GGTFCieJwRTATLNkRkjAUmKourkp1uLh66TKxm46ZhPlzWWs0igzIcwQnUwYQraMEdtMECAi/w Bp/wpaXaq/aufcxaS1oxcwhz0L7/AGsakgM=</latexit><latexit sha1_base64="ENl4eZbIYY1ZVq6HuNEuHbXKTbM=">AAAB+nicbVDLSsNAF L2pr1pfUZe6mFqEiliSIqi7ghs3QgVjC00pk+mkHTp5MDMRQsjGX3GjuFL8CH/BvzFps2nrgYFzz7mXufc4IWdSGcavVlpZXVvfKG9WtrZ3dvf0/YMnGUSCUIsEPBBdB0vKmU8txR Sn3VBQ7DmcdpzJbe53nqmQLPAfVRzSvodHPnMZwSqTBvrxRWITzNF9Wo/P7Oq5XZ3VT3k90GtGw5gCLROzIDUo0B7oP/YwIJFHfUU4lrJnGqHqJ1goRjhNK3YkaYjJBI9oMt09Rae ZNERuILLnKzRV5/qwJ2XsOVmnh9VYLnq5+J/Xi5R73U+YH0aK+mT2kRtxpAKUB4GGTFCieJwRTATLNkRkjAUmKourkp1uLh66TKxm46ZhPlzWWs0igzIcwQnUwYQraMEdtMECAi/w Bp/wpaXaq/aufcxaS1oxcwhz0L7/AGsakgM=</latexit><latexit sha1_base64="ENl4eZbIYY1ZVq6HuNEuHbXKTbM=">AAAB+nicbVDLSsNAF L2pr1pfUZe6mFqEiliSIqi7ghs3QgVjC00pk+mkHTp5MDMRQsjGX3GjuFL8CH/BvzFps2nrgYFzz7mXufc4IWdSGcavVlpZXVvfKG9WtrZ3dvf0/YMnGUSCUIsEPBBdB0vKmU8txR Sn3VBQ7DmcdpzJbe53nqmQLPAfVRzSvodHPnMZwSqTBvrxRWITzNF9Wo/P7Oq5XZ3VT3k90GtGw5gCLROzIDUo0B7oP/YwIJFHfUU4lrJnGqHqJ1goRjhNK3YkaYjJBI9oMt09Rae ZNERuILLnKzRV5/qwJ2XsOVmnh9VYLnq5+J/Xi5R73U+YH0aK+mT2kRtxpAKUB4GGTFCieJwRTATLNkRkjAUmKourkp1uLh66TKxm46ZhPlzWWs0igzIcwQnUwYQraMEdtMECAi/w Bp/wpaXaq/aufcxaS1oxcwhz0L7/AGsakgM=</latexit>
M   V
<latexit sha1_base64="FZ1P1nVGUhSstEv+gvJoZkrpJu4=">AAAB 33icbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NJLYNSqoCKz46wOzu4sM3cDEd97KXoq+kf9hf5No+6L2oGBwzlnuPfcIJHCoOv+OrmNza3tnfx uYW//4PCoeHzSMCrVjPtMSaVbATVcipj7KFDyVqI5jQLJm8HobuY3X7g2QsXPOE54N6KDWISCUbTS08NVo1csuWV3DrJOvIyUIEO9V/zp9BVLIx4 jk9SYtucm2J1QjYJJPi10UsMTykZ0wCfzBafkwkp9EiptX4xkri7laGTMOApsMqI4NKveTPzPa6cY3nQnIk5S5DFbDApTSVCRWVvSF5ozlGNLKN PCbkjYkGrK0N6kYKt7q0XXiV8p35a9x2qpVslukIczOIdL8OAaanAPdfCBwQDe4BO+nMB5dd6dj0U052R/TmEJzvcfFR+I1w==</latexit><latexit sha1_base64="FZ1P1nVGUhSstEv+gvJoZkrpJu4=">AAAB 33icbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NJLYNSqoCKz46wOzu4sM3cDEd97KXoq+kf9hf5No+6L2oGBwzlnuPfcIJHCoOv+OrmNza3tnfx uYW//4PCoeHzSMCrVjPtMSaVbATVcipj7KFDyVqI5jQLJm8HobuY3X7g2QsXPOE54N6KDWISCUbTS08NVo1csuWV3DrJOvIyUIEO9V/zp9BVLIx4 jk9SYtucm2J1QjYJJPi10UsMTykZ0wCfzBafkwkp9EiptX4xkri7laGTMOApsMqI4NKveTPzPa6cY3nQnIk5S5DFbDApTSVCRWVvSF5ozlGNLKN PCbkjYkGrK0N6kYKt7q0XXiV8p35a9x2qpVslukIczOIdL8OAaanAPdfCBwQDe4BO+nMB5dd6dj0U052R/TmEJzvcfFR+I1w==</latexit><latexit sha1_base64="FZ1P1nVGUhSstEv+gvJoZkrpJu4=">AAAB 33icbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NJLYNSqoCKz46wOzu4sM3cDEd97KXoq+kf9hf5No+6L2oGBwzlnuPfcIJHCoOv+OrmNza3tnfx uYW//4PCoeHzSMCrVjPtMSaVbATVcipj7KFDyVqI5jQLJm8HobuY3X7g2QsXPOE54N6KDWISCUbTS08NVo1csuWV3DrJOvIyUIEO9V/zp9BVLIx4 jk9SYtucm2J1QjYJJPi10UsMTykZ0wCfzBafkwkp9EiptX4xkri7laGTMOApsMqI4NKveTPzPa6cY3nQnIk5S5DFbDApTSVCRWVvSF5ozlGNLKN PCbkjYkGrK0N6kYKt7q0XXiV8p35a9x2qpVslukIczOIdL8OAaanAPdfCBwQDe4BO+nMB5dd6dj0U052R/TmEJzvcfFR+I1w==</latexit><latexit sha1_base64="FZ1P1nVGUhSstEv+gvJoZkrpJu4=">AAAB 33icbVBdSwJBFL1rX2ZfVo+9DEnQS7IrQvUm9NJLYNSqoCKz46wOzu4sM3cDEd97KXoq+kf9hf5No+6L2oGBwzlnuPfcIJHCoOv+OrmNza3tnfx uYW//4PCoeHzSMCrVjPtMSaVbATVcipj7KFDyVqI5jQLJm8HobuY3X7g2QsXPOE54N6KDWISCUbTS08NVo1csuWV3DrJOvIyUIEO9V/zp9BVLIx4 jk9SYtucm2J1QjYJJPi10UsMTykZ0wCfzBafkwkp9EiptX4xkri7laGTMOApsMqI4NKveTPzPa6cY3nQnIk5S5DFbDApTSVCRWVvSF5ozlGNLKN PCbkjYkGrK0N6kYKt7q0XXiV8p35a9x2qpVslukIczOIdL8OAaanAPdfCBwQDe4BO+nMB5dd6dj0U052R/TmEJzvcfFR+I1w==</latexit>
 M V
<latexit sha1_base64="8K1pD7RYElvkK4WM4/AA95a3aI8=">AAAB 5HicbVBdSwJBFL1rX2ZfVo+9jEnQi7IrQvUm9NJLYNCq4IrMjrM6OPvBzN1AxJ/QS9FT0e/pL/RvGnVf1A4MHM45w73n+okUGm3718ptbe/s7uX 3CweHR8cnxdOzlo5TxbjLYhmrjk81lyLiLgqUvJMoTkNf8rY/vp/77ReutIijZ5wkvBfSYSQCwSgaqVN59EoVr9TqF8t21V6AbBInI2XI0OwXf7x BzNKQR8gk1brr2An2plShYJLPCl6qeULZmA75dLHljFwZaUCCWJkXIVmoKzkaaj0JfZMMKY70ujcX//O6KQa3vamIkhR5xJaDglQSjMm8MhkIxR nKiSGUKWE2JGxEFWVoDlMw1Z31opvErVXvqs5TvdyoZTfIwwVcwjU4cAMNeIAmuMBAwht8wpc1tF6td+tjGc1Z2Z9zWIH1/QeGA4ow</latexit ><latexit sha1_base64="8K1pD7RYElvkK4WM4/AA95a3aI8=">AAAB 5HicbVBdSwJBFL1rX2ZfVo+9jEnQi7IrQvUm9NJLYNCq4IrMjrM6OPvBzN1AxJ/QS9FT0e/pL/RvGnVf1A4MHM45w73n+okUGm3718ptbe/s7uX 3CweHR8cnxdOzlo5TxbjLYhmrjk81lyLiLgqUvJMoTkNf8rY/vp/77ReutIijZ5wkvBfSYSQCwSgaqVN59EoVr9TqF8t21V6AbBInI2XI0OwXf7x BzNKQR8gk1brr2An2plShYJLPCl6qeULZmA75dLHljFwZaUCCWJkXIVmoKzkaaj0JfZMMKY70ujcX//O6KQa3vamIkhR5xJaDglQSjMm8MhkIxR nKiSGUKWE2JGxEFWVoDlMw1Z31opvErVXvqs5TvdyoZTfIwwVcwjU4cAMNeIAmuMBAwht8wpc1tF6td+tjGc1Z2Z9zWIH1/QeGA4ow</latexit ><latexit sha1_base64="8K1pD7RYElvkK4WM4/AA95a3aI8=">AAAB 5HicbVBdSwJBFL1rX2ZfVo+9jEnQi7IrQvUm9NJLYNCq4IrMjrM6OPvBzN1AxJ/QS9FT0e/pL/RvGnVf1A4MHM45w73n+okUGm3718ptbe/s7uX 3CweHR8cnxdOzlo5TxbjLYhmrjk81lyLiLgqUvJMoTkNf8rY/vp/77ReutIijZ5wkvBfSYSQCwSgaqVN59EoVr9TqF8t21V6AbBInI2XI0OwXf7x BzNKQR8gk1brr2An2plShYJLPCl6qeULZmA75dLHljFwZaUCCWJkXIVmoKzkaaj0JfZMMKY70ujcX//O6KQa3vamIkhR5xJaDglQSjMm8MhkIxR nKiSGUKWE2JGxEFWVoDlMw1Z31opvErVXvqs5TvdyoZTfIwwVcwjU4cAMNeIAmuMBAwht8wpc1tF6td+tjGc1Z2Z9zWIH1/QeGA4ow</latexit ><latexit sha1_base64="8K1pD7RYElvkK4WM4/AA95a3aI8=">AAAB 5HicbVBdSwJBFL1rX2ZfVo+9jEnQi7IrQvUm9NJLYNCq4IrMjrM6OPvBzN1AxJ/QS9FT0e/pL/RvGnVf1A4MHM45w73n+okUGm3718ptbe/s7uX 3CweHR8cnxdOzlo5TxbjLYhmrjk81lyLiLgqUvJMoTkNf8rY/vp/77ReutIijZ5wkvBfSYSQCwSgaqVN59EoVr9TqF8t21V6AbBInI2XI0OwXf7x BzNKQR8gk1brr2An2plShYJLPCl6qeULZmA75dLHljFwZaUCCWJkXIVmoKzkaaj0JfZMMKY70ujcX//O6KQa3vamIkhR5xJaDglQSjMm8MhkIxR nKiSGUKWE2JGxEFWVoDlMw1Z31opvErVXvqs5TvdyoZTfIwwVcwjU4cAMNeIAmuMBAwht8wpc1tF6td+tjGc1Z2Z9zWIH1/QeGA4ow</latexit >
(a) (b)
(c)
y
(±)
e↵ =
R0
V
(±M   E)
<latexit sha1_base64="IxxJxwPoBt9BQ36QSce2eVWQwIw=">AAACFXicbV BLSwMxGMzWV62vqkcvwSK0B8tuFfUiFETwIlSxD+jWJZtm29Dsg+RboSz7O7z4V7yIiKDg2X9j+ri0dSAwzExIZtxIcAWm+WtklpZXVtey67mNza3tnfzuXkOF saSsTkMRypZLFBM8YHXgIFgrkoz4rmBNd3A18ptPTCoeBg8wjFjHJ72Ae5wS0JKTPxs6iS19zDwvfUyKduSX0kvbk4Qm946ZJo3UFsyDkZGkt8fXtuS9PpScfME sm2PgRWJNSQFNUXPyn3Y3pLHPAqCCKNW2zAg6CZHAqWBpzo4ViwgdkB5Lxq1SfKSlLvZCqU8AeKzO5Iiv1NB3ddIn0Ffz3kj8z2vH4F10Eh5EMbCATh7yYoEhx KOJcJdLRkEMNSFUcv1DTPtETwJ6yJyubs0XXSSNStk6KVfuTgvVynSELDpAh6iILHSOqugG1VAdUfSC3tAX+jaejVfj3fiYRDPG9M4+moHx8wd+N57A</latex it>
ypn =  RoE
V
<latexit sha1_base64="PO90QdrZURhm5rDX1x2B/zx0bn4=">AAAB+3icbV DdSsMwGE39nfOv6qUIwSF442iHoF4IAxG8nGK3wTpKmqVbWJqUJBVGqTe+ijeKV4rv4Cv4NmZbb7Z5IHA454Tv+06YMKq04/xaS8srq2vrpY3y5tb2zq69t99UIp WYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHN2G89Eamo4I96lJBujPqcRhQjbaTAPhoFmS9jmPD8Gp75kUQ4ewhElt/mWTMP7IpTdSaAi8QtSAUUaAT2j98TOI0J15 ghpTquk+huhqSmmJG87KeKJAgPUZ9kk+VzeGKkHoyENI9rOFFncihWahSHJhkjPVDz3lj8z+ukOrrsZpQnqSYcTwdFKYNawHETsEclwZqNDEFYUrMhxANkCtCmr 7I53Z0/dJF4tepV1b0/r9RrRQclcAiOwSlwwQWogzvQAB7A4AW8gU/wZT1br9a79TGNLlnFnwMwA+v7DyuplGo=</latexit><latexit sha1_base64="PO90QdrZURhm5rDX1x2B/zx0bn4=">AAAB+3icbV DdSsMwGE39nfOv6qUIwSF442iHoF4IAxG8nGK3wTpKmqVbWJqUJBVGqTe+ijeKV4rv4Cv4NmZbb7Z5IHA454Tv+06YMKq04/xaS8srq2vrpY3y5tb2zq69t99UIp WYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHN2G89Eamo4I96lJBujPqcRhQjbaTAPhoFmS9jmPD8Gp75kUQ4ewhElt/mWTMP7IpTdSaAi8QtSAUUaAT2j98TOI0J15 ghpTquk+huhqSmmJG87KeKJAgPUZ9kk+VzeGKkHoyENI9rOFFncihWahSHJhkjPVDz3lj8z+ukOrrsZpQnqSYcTwdFKYNawHETsEclwZqNDEFYUrMhxANkCtCmr 7I53Z0/dJF4tepV1b0/r9RrRQclcAiOwSlwwQWogzvQAB7A4AW8gU/wZT1br9a79TGNLlnFnwMwA+v7DyuplGo=</latexit><latexit sha1_base64="PO90QdrZURhm5rDX1x2B/zx0bn4=">AAAB+3icbV DdSsMwGE39nfOv6qUIwSF442iHoF4IAxG8nGK3wTpKmqVbWJqUJBVGqTe+ijeKV4rv4Cv4NmZbb7Z5IHA454Tv+06YMKq04/xaS8srq2vrpY3y5tb2zq69t99UIp WYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHN2G89Eamo4I96lJBujPqcRhQjbaTAPhoFmS9jmPD8Gp75kUQ4ewhElt/mWTMP7IpTdSaAi8QtSAUUaAT2j98TOI0J15 ghpTquk+huhqSmmJG87KeKJAgPUZ9kk+VzeGKkHoyENI9rOFFncihWahSHJhkjPVDz3lj8z+ukOrrsZpQnqSYcTwdFKYNawHETsEclwZqNDEFYUrMhxANkCtCmr 7I53Z0/dJF4tepV1b0/r9RrRQclcAiOwSlwwQWogzvQAB7A4AW8gU/wZT1br9a79TGNLlnFnwMwA+v7DyuplGo=</latexit><latexit sha1_base64="PO90QdrZURhm5rDX1x2B/zx0bn4=">AAAB+3icbV DdSsMwGE39nfOv6qUIwSF442iHoF4IAxG8nGK3wTpKmqVbWJqUJBVGqTe+ijeKV4rv4Cv4NmZbb7Z5IHA454Tv+06YMKq04/xaS8srq2vrpY3y5tb2zq69t99UIp WYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHN2G89Eamo4I96lJBujPqcRhQjbaTAPhoFmS9jmPD8Gp75kUQ4ewhElt/mWTMP7IpTdSaAi8QtSAUUaAT2j98TOI0J15 ghpTquk+huhqSmmJG87KeKJAgPUZ9kk+VzeGKkHoyENI9rOFFncihWahSHJhkjPVDz3lj8z+ukOrrsZpQnqSYcTwdFKYNawHETsEclwZqNDEFYUrMhxANkCtCmr 7I53Z0/dJF4tepV1b0/r9RrRQclcAiOwSlwwQWogzvQAB7A4AW8gU/wZT1br9a79TGNLlnFnwMwA+v7DyuplGo=</latexit>
Figure 4: (a) Electrostatic potential energy V (r, φ) given by Eq.
(14) with φV = 0, corresponding to a homogeneous electric field
E = (0, E). (b) The mass term M (r, φ) given by Eq. (15) with
φM = 0 (i.e., M = M 6= 0 in the upper half of the disk only).
(c) Crossections of the electrostatic potential energy V(y) (blue line)
and the effective potentials V(y) ± M(y) (black solid or dashed
line) along the disk diameter: x = 0, −Ro 6 y 6 Ro, for some
V,M > 0. Red line marks the Fermi energy E. The expressions for
ypn (the position of a p-n interface), following from V(ypn) = E,
and y(±)eff (for which V ±M = E) are also given. (The inner-lead
edges, y = ±Ri, are omitted for clarity.)
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Figure 5: Magnetoconductance of the Corbino disk with Ro =
4Ri = 200 nm, E = M = 0, and different values of the in-plane
electric field E (quantified by V ≡ eERo). Notice that the conduc-
tance (G) approaches the one quantum value (4e2/h) for any V 6= 0
at sufficiently high magnetic field (B).
along the classical trajectories (cf. the top panel in Fig. 1).
For our choice of the parameters, the cyclotron radius,
rc(x, y) =
|E − V(x, y)|
eBvF
, (18)
5is bounded by rc(0, y) > (Ri/Ro)|V |/ (eBvF ) along the ver-
tical diameter (x = 0) and for Ri 6 |y| 6 Ro.
Another apparent feature of the data presented in Fig. 5 is
a rapid conductance drop, occuring for any V 6= 0 at suf-
ficiently high field. Unlike in a uniformely-doped disk out
of the charge-neutrality point, where G vanishes in the high-
field limit [34], here G approaches the value of 4e2/h (i.e.,
the conductance quantum with spin and valley degeneracies)
signalling the crossover from pseudodiffusive to quantum-hall
transport regime. The limiting value of G reproduces the ex-
perimental result of Ref. [36], and can be easily explained by
analysing symmetries of the Dirac theory [54].
A bit more detailed view of the effect is provided with
the evolution of angle-dependent current density at the outer
disk edge (r = Ro) with increasing field, presented in Fig.
6(a). We choose a high electric field (V = 50 meV) to en-
sure the system undergoes a crossover directly from ballistic
to quantum-Hall transport regime, as the contribution from
evenescent waves is negligible. For B = 0 (red line) the cur-
rent flows in directions along which the doping is extremal,
namely, φ = ±pi/2. For higher fields the transport is dom-
inated by a single direction, for which V (r, φ) = 0 (i.e.,
φ = pi), with some secondary currents at |φ| . pi/2 visible
for B = 1/2 T (green line), and vanising for B = 1 T (blue
line). This picture is in agreement with the results of previous
theoretical studies (see Ref. [54] and Appendix B for details).
As the magnetic length at 1 Tesla field lB(B = 1 T) ≈
26 nm is still comparable with the system size (in particular,
the inner radii Ri = 50 nm), the transport cannot be under-
stood classically or quasiclasically. Therefore, several fea-
tures depicted schematically in Fig. 1 (such as the orbits in
the middle panel) have no correspondants in numerical results
presented in Fig. 6(a). However, an apparent asymmetry of
the current distribution for B 6= 0 is directly linked to the
left-right mirror symmetry breaking, also present in the clas-
sical level: Both the trajectories and quantum-hall edge states
are symmetric upon a simulaneous left-right reflection and the
field inversion (cf. Fig. 2); the same applies to the voltage-
source polarity (or time) reversal combined with the magnetic
field inversion.
C. Mass term and the valley filter operation
So far, we have put M = 0 in Eq. (15) and the trans-
port characteristics were identical for both valleys (K and K’).
A different picture emerges in the system with nonzero and
spatially-varying mass term (the M 6= 0 case). Our simpli-
fied model, in which the mass is present only in the upper half
of the system (see Fig. 4), already allows to demonstrate the
mesoscopic valley-filtering mechanism. In this subsection, we
present the central results of the paper, providing a quantita-
tive description of the effects depicted schematically in Fig. 3.
Quite surprisingly, even at zero electric and magnetic fields
the currents corresponding to different valleys are well sepa-
rated (see Fig. 6(b)). This can be interpreted as a zero-doping
version the edge-state formation (the Fermi energy is fixed at
E = 0). As the mass opens a band gap in the upper half
of the disk (0 < φ < pi), there are no extended states avail-
able, and the current is pushed away towards the lower half
(−pi < φ < 0). In turn, the border between areas withM = 0
and M 6= 0 plays a role of an artificial edge of the system
(notice that the p-n junction is absent for V = 0). The to-
tal current distribution (dotted lines in Fig. 6(b)) is approxi-
mately uniform in the lower half of the disk (as this part is in
the pseudodiffusive charge-transport regime), with some local
maxima for φ ≈ 0 and φ ≈ −pi, signaling contributions from
the zero-energy edge states. The emergence of such states is
well-described in graphene literature, see e.g. Ref. [55]; their
analogs in bilayer graphene in a position-dependent perpen-
dicular electric field were also discussed [26]. A basic rea-
soning why electrons in different valleys prefer opposite di-
rections of propagation is given in Appendix C.
A direct link between the valley polarization of current and
the direction of propagation for zero-energy edge states leads
to the spatial separation of valley currents, which is appar-
ent even in our relatively small system, for which the role of
evenescent waves is still significant (and manifests itself by
a nonozero current density for any −pi < φ < 0).
Next, the valley-filtering mechanism is demonstrated by
creating the p-n interface in a presence of the mass term
(V 6= 0, M 6= 0). Fig. 6(c) shows a strong suppression of one
of the valley currents in relatively weak electric and magnetic
fields (and the valley is selected by a sign of V ), provided that
the mass term is sufficently strong. The valey polarization P
gradually increases with the magnetic field, becoming almost
perfect for B = 1 T (see Fig. 7).
The operation of our valley filter is characterized in details
by the numerical results presented in Fig. 8, where we have
fixed V = 1 meV, and visualized the transport characteristics
in the Fermi energy-mass (E–M ) parameter plane, for three
selected values of the magnetic field (B = 0, 1/2, and 1 T).
Notice that varying E corresponds to a vertical shift of the p-
n interface; in particular, for E = V Ri/Ro = 0.25 meV we
have ypn = −Ri (cf. Fig. 4) and the p-n interface is a tangent
line to the inner disk edge at the lower (i.e., mass-free) half. At
zero magnetic field, the density maps shown in bottom panels
are perfectly uniform, and no valley polarization is visible.
For higher fields, distinct regions of the "phase diagram" are
formed, including the unpolarized highly-conducting region
(G ≈ 2G0, P ≈ 0) at the central-bottom part of each subplot,
the two polarized highly-conducting regions (G ≈ G0, P ≈
± 1) near the upper corners, and the two tunneling regions
(G ≈ 0, P ≈ 0) near the lower corners. At 1 T field (top
panels), the boundaries between above-mentioned regions are
already well-developed.
Some further insights into relations connecting the diagram
structure and characteristic features of the effective potential
profile, V(r, φ) ±M(r, φ) ≡ V(y) ±M(y) in Eq. (1), are
given in Fig. 9. In brief, the boundaries between regions on the
E–M diagram can be attributed to the situations when the p-n
line is a tangent to the inner disk edge at the mass-free part,
ypn = −Ri (vertical dashed line), or when the Fermi energy is
equal to the effective potential along a tangent line to the inner
disk edge at the nonzero mass part, y(±)eff = Ri (diagonal solid
lines). The schetch of Fig. 9 corresponds to the high-field
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Figure 6: Parametric plots of the current density j(r, φ)|r=Ro ≡ (jx, jy) [see Eq. (13)], where 0 6 φ < 2pi, for the same setup as in Fig.
5 with the electrostatic potential and mass magnitudes (V and M ) varied between the subplots. Line colours (same for each subplot) mark
different magnetic fields: B = 0 (red), B = 1/2 T (green), and B = 1 T (blue). (a) For M = 0, the results are identical for both valleys.
A relatively large value of V = 50 meV elliminates the pseudodiffusive charge-transport regime. At 1 T field, the distribution resembles the
analytical result for an infinite plane with the p-n junction, see Fig. 11 in Appendix B. (b) For V = 0 andM = 10 meV, the separation of valley
currents appears. Solid and dashed lines correspond to distinct contributions from the two valleys (K, K′); dotted lines depict the current
density summarized over the valleys (K+K′). (c) ForM = 10 meV and V = ±1meV (top/bottom panel), polarity of the p-n junction allows
one to select one of the valley currents and suppress the other. (The summarized current density is omitted for clarity.)
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Figure 7: Conductance (left) and valley polarization (right) defined
by Eq. (10) for the Corbino disk with both the mass term and the p-
n interface displayed as functions of the magnetic field. Remaining
system parameters are same as in Fig. 6(c).
limit, in which lB  Ri and varying E may lead to an abrupt
switching between the regions. In a finite-field situation (see
Fig. 8), finite widths of quantum Hall states result in blurs
(and shifts) of the boundaries, with a general trend to expand
the unpolarized highly-conducting region with decreasing B.
Numerous experimental realizations of a non-uniform mass
in monolayer graphene [41–45] suggest to focus on a constant
and relatively large M  1 meV. In such a case, the magnetic
field of B = 1 T allows one to control the valley polarization
of current independently by tuning the Fermi energy (E) or
by reversing the p-n junction polarity (V → − V ).
It is also worth stressing, that high valley polarization re-
mains unaffected when the p-n interface is moved by a dis-
tance of ∆y ≈ Ri = 50 nm away from the mass boundary,
allowing us to coin the term of mesoscopic valley filter.
IV. CONCLUSIONS
We have demonstrated, as a proof of principle, that the
Corbino disk in monolayer graphene modified such that the
mass term in effective Dirac equation is present in a half of
the disk (leading to the energy gap of & 1 meV) may act as
a highly efficient valley filter, when placed in crossed elec-
tric and magnetic fields inducing a p-n interface close to the
mass-region boundary. Although introducing the mass term
involves a microscopic modification of a sample, the output
(valley) polarization of current may be controlled electrostat-
ically in constant magnetic field, alternatively by: (i) invert-
ing the p-n junction polarity, or (ii) shifting the p-n line with
respect to the mass boundary by tuning a global doping of
a sample. The magnetic field of 1 T is sufficient to obtain the
polarization better than 99% for the device size (namely: the
outer disk diameter) of 400 nm.
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Figure 8: Conductance (left) and valley polarization (right) for
V = 1 meV as functions of the Fermi energy (E) and the mass term
(M ). The value of magnetic field (B) is varied between the panels.
Remaining system parameters are same as in Fig. 5.
An additional interesting feature of the system is that the
currents belonging to different valleys are spatially separated,
flowing in opposite directions along the p-n interface. In the
absence of a p-n interface, there are two equal currents propa-
gating along the mass boundary; in-plane electric field ampli-
fies one of these currents and supresses the other. The filtering
mechanism is directly linked to global symmetry breakings of
the Dirac Hamiltonian, and therefore we expect it to be robust
against typical perturbations in real experiments.
For instance, the operation of mesoscopic valley filter
which we have desribed should not be noticeably affected by
the long-range (or smooth) impurities, as they generally do not
introduce the intervaley scattering [56, 57]. (In contrast, short-
range impurities mix the valleys and may restore the equilib-
rium valley occupation.) Recent experimental works on ul-
traclean graphene p-n junctions [31, 32] allow us to believe
that such systems, accordingly modified to induce a position-
dependent quasiparticle mass, may also act as highly-efficient
mesoscopic valley filters.
g = 1
P = 1
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Figure 9: Sketch of the high-field “phase diagram” for some V > 0
(see top panel in Fig. 8) with distinct regions characterized by di-
mensionless conductance g = G/G0 and the polarization P , with
the boundaries given by mutual relation between the Fermi energy
and the potentials (V±M and V ) at the inner disk edge: y(±)eff = Ri
(solid lines) and ypn = −Ri (dashed line). [See also Fig. 4(c).]
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Appendix A: Transfer matrix approach
A general wavefunction corresponding to the l-th transmis-
sion channel is given by a linear combination of two linearly-
independent spinor functions
θl (r) = al1θ
l
1 (r) + a
l
2θ
l
2 (r) , (A1)
where alα (α = 1, 2) are arbitrary complex amplitudes and
θlα (r) =
[
θlα,A, θ
l
α,B
]T
(r) is a normalized spinor function
with A and B being the sublattice indices. The normaliza-
tion has to be carried out in such a way that the total current
remains constant (i.e., l, α–independent). To satisfy this con-
dition, we write down the current density for the l-th transmis-
sion channel
~jl = evF
[
θl (r)
]† · [ξσx cos (ϕ) + σy sin (ϕ)] · θl (r) . (A2)
In principle, it is sufficient to normalize only the wavefunc-
tions in the leads since the relation between them (nam-
mely: between the incoming, the transmitted, and the reflected
wavefunction) ultimately defines matrices r and t. Current
conservation guarantees that amplitudes rmn and tmn pre-
serve the probabilistic interpretation. Therefore, a direct nor-
malization for the wavefunctions in the sample area is not es-
sential for the successful mode matching.
8Next, it is convenient to present a complete set of wave-
functions as a vector with each element corresponding to a
different transmission channel. Since only a limited num-
ber of channels contributes significantly to the quantum trans-
port, one can look for a truncated solution by introducing
the cutoff-transmission channels lmin and lmax such that
l ∈ [lmin, lmax]. The total number of transmission chan-
nels, M = (lmax − lmin + 1), is chosen to be large enough
to reach the convergence. In such a notation, we can write
θ (r) = M (r)
(
a1
a2
)
, (A3)
where M (r) is a 2M × 2M matrix, aα =[
alminα , . . . , a
lmax
α
]T
. The explicit form of matrix M (r)
will be presented later. The notation of Eq. (A3) is convenient
when dealing with a system with mode mixing introduced by
a position-dependent potential.
We are primarily interested in a relation between the two
sets of amplitudes defining wavefunctions at different radii,
say: r and Ri. Such a relation can be written introducing a
propagator U (r,Ri),
θ (r) = U (r,Ri)θ (Ri) . (A4)
The propagator U (r,Ri) can be found by substituting Eq.
(A4) into Eq. (8) from the main text (the Dirac equation). The
resulting equation takes the following form
∂rU (r,Ri) = A (r)U (r,Ri) , (A5)
with an initial condition U (Ri, Ri) = I2M×2M . The matrix
A (r) in Eq. (A5) carries the complete information about the
potential and the mass term in the system.
Formally, Eq. (A5) defines 2M independent systems of
2M ordinary differential equations, each of which describing
a column in the matrix U (r,Ri). We have employed a fixed-
step explicit Runge Kutta method of the 4-th order [58]. Both
the step-size as well as the number of transmission channels
M are adjusted to reach the numerical convergence; in prac-
tise, these parameters depend on the system size, as well as
on the magnetic field, in an approximately linear manner sim-
ilarly as in the case of bilayer graphene (see Ref. [46]).
Once the propagator for the sample area U (Ro, Ri) is de-
termined, we can translate it onto a transfer matrix, connect-
ing the wavefunctions in the leads with wavefunctions in the
sample area, via the mode-matching
φL (Ro) = φ
S (Ro)
= U (Ro, Ri)φS (Ri)
= U (Ro, Ri)φL (Ri) , (A6)
where φL (Ro) = ML (r)a. As the doping in the leads is
set to infinity, the matrix ML (r) can be presented as a Kro-
necker product ML (r) = B (r) ⊗ IM×M (we have omitted
the phase constants as they are insignificant when calculating
the transport properties), where
B (r) =
1√
r
[
1 1
ξ −ξ
]
. (A7)
Columns in the matrix B (r) represents independent wave-
functions, corresponding to different directions of propaga-
tion (incoming and outgoing waves). The transfer matrix is
thus given by
T = M−1L (Ro)U (Ro, Ri)ML (Ri) . (A8)
Finally, the transmission properties of the system can be
obtained by retriving the scattering-matrix elements from T.
The transfer matrix can be expressed by blocks of the scatter-
ing matrix as follows
T =
[ (
t†
)−1
r′ · (t′)−1
− (t′)−1 · r′ (t′)−1
]
, (A9)
where t and r are the transmission and reflection matrix (re-
spectively) for a wavefunction incoming from the inner lead;
similarly, t′ and r′ are the transmission and reflection matrix
for a wavefunction incoming from the outer lead.
Appendix B: Solutions for an inifite graphene plane
The clear asymmetry of a current propagating along the p-
n junction in the quantum Hall regime (see Fig. 6(a) in the
main text) illustrate an intrinsic feature that is not related to the
Corbino geometry. In this Appendix we derive analytically the
eigenfunctions for the low-energy Hamiltonian of graphene in
crossed electric and magnetic fields
H =
( −eEx ξpix − ipiy
ξpix + ipiy −eEx
)
, (B1)
where piα = −i~∂α + eAα with the Landau gauge A =
(0, Bx), and the mass term is neglected for simplicity. [Notice
that the electrostatic potential energy term in Eq. (B1) corre-
sponds to φV = pi/2 in Eq. (14).] It is clear now that the
Hamiltonian (B1) is invariant under the time reversal com-
bined with the magnetic field inversion, namely
H(−ξ,−B) = TξH(ξ,B)T −1ξ , (B2)
where Tξ = σ0C is a single-valley time reversal operator with
C denoting complex conjugation. (In the four-component no-
tation, the full time reversal is T = τx ⊗ Tξ, where τx is the
Pauli matrix acting on valley degrees of freedom.)
Due to the translation symmetry in the y-direction, H (B1)
also commutes with −i~∂y and thus we can choose the wave-
function as Ψ (x, y) = Φ (x) exp(ikyy), with the wavenumber
ky , reducing the scattering problem to a single-dimensional
one. The corresponding Dirac equation reads[ eE
i~vF x ξ∂x + ky +
eB
~ x
ξ∂x − ky + eB~ x eEi~vF x
]
Φ (x) = (B3)
iE
~vF
Φ (x) .
One can further simplify the above equation introducing the
dimensionless variable χ = l−1B x + lBky , where lB =
9√
~/e|B| is the magnetic length. Without loss of generality,
we can suppose that B > 0. Eq. (B3) can now be written as[ −γχ −i (ξ∂χ + χ)
−i (ξ∂χ − χ) −γχ
]
Φ (x) = εΦ (x) , (B4)
where we have defined γ = el2BE/ (~vF ) and ε =
lB [E/ (~vF )− γky]. When considering an inifinite graphene
plane we can choose (without loosing the generality) the zero
Fermi energy (EF = 0), what leads to
ε = −lBγky. (B5)
Following Refs. [59, 60], we find the solutions of Eq. (B4)
by solving an auxiliary eigensystem
Hϕ (x) = ε2ϕ (x) (B6)
for the operator
H = ε
(
H + H˜
)
−HH˜, (B7)
where H˜ = σzHσz , which is chosen such that each eigen-
function ofH satisfies Eq. (B4) as well. Eq. (B6) can rewritten
as follows ( −O− iξγ
iξγ −O+
)(
u
v
)
= ε2
(
u
v
)
, (B8)
where O = 2εγχ+ ε2 − (1− γ2)χ2 + ∂2χ ± ξ, and u, v are
spinor elements of the wavefunction ϕ (x).
We can now write down the fourth-order differential equa-
tion for u, namely
γ2u+O+O−u = 0, (B9)
being equivalent to the set of two second-order equations√
1− γ2 u± =
± [2γεχ+ ε2 − (1− γ2)χ2 + ∂2χ]u±. (B10)
The solutions are
u± = a±D−(1±1)/2+w (ρ) + b±D−(1∓1)/2−w (iρ) , (B11)
where Dν (x) is the parabolic cylinder function [61], ρ =√
2
(
χ− γ2χ− γε) (1− γ2)−3/4, w = ε2 (1− γ2)−3/2 /2,
and a±, b± are arbitrary constants. Since we are interested in
square-integrable wavefunctions, we set b± = 0. Using Eq.
(B8), we obtain the full form of the spinor function(
u±
v±
)
= a±D−(1±1)/2+w (ρ)
×
[
1
i
(
1± ξ
√
1− γ2
)
/γ
]
. (B12)
Both the solutions (u+, v+)
T and (u−, v−)
T , as well as
their arbitrary linear combination, satisfy Eq. (B8). Therefore,
we construct an eigenfunction of Eq. (B6), corresponding to
an eigenvalue ε2 > 0, by taking [62]
ϕε2>0(x) ≡
(
u
v
)
= A
[
c
(
u+
v+
)
+
(
u−
v−
)]
, (B13)
where c = ε
[
1 + ξ
√
1− γ2
]
/
[√
2γ
(
1− γ2)3/4], and A is
the normalization constant
A =
√√√√ (1− γ2)1/4 γ2 (4√pilB)−1
Γ [1 + w]
(
1 + ξ
√
1− γ2
) . (B14)
The case of ε2 = 0 (the zero mode) is slightly different, and
it is instructive to consider it separately. The corresponding
solution of Eq. (B6) reads
ϕε2=0 (x) = Ce
−
√
1−γ2χ2/2
(
i
ξ
√
1−γ2−1
γ
1
)
, (B15)
with
C =
√√√√ γ2 (1− γ2)1/4
2
√
pi
(
1 + ξ
√
1− γ2
)
lB
. (B16)
In a general case, the normalization of ϕ(x) leads also to
a discrete spectrum of eigenvalues
ε2n = 2
(
1− γ2)3/2 n, (B17)
with n = 0, 1, 2, . . . ; see Refs. [52, 59, 60]. The above, to-
gether with Eq. (B5), implies the wavenumber quantization
k(n)y = ±
√
2 (1− γ2)3/2 n
γ lB
. (B18)
We further notice that the zero mode (n = 0) lacks the addi-
tional twofold degeneracy of higher modes (n > 0).
Explicite forms of wavefunctions, given above by Eqs.
(B13) and (B15), allows one to calculate the probability den-
sity |ϕ (x)|2 (see Fig. 10) as well as the local current density
jy = ϕ
† (x) · σy · ϕ (x) (see Fig. 11).
As we have neglected the mass term throughout this Ap-
pendix, the physical quantities displayed in Figs. 10 and 11
are same for both valleys, K and K ′, indicated by ξ = 1 or
ξ = −1 (respectively) in Eq. (B1). Also, the probability den-
sity |ϕ (x)|2 is affected by the direction of electric field, indi-
cated by sgn E ≡ sgn γ, only in a way that the two solutions
for n > 0, characterized by opposite wavenumbers (ky and
−ky) are exchanged upon γ → − γ, see Fig. 10. In contrast,
the current density jy(x) also changes sign upon γ → − γ,
see Fig. 11. Revisiting the derivation for B < 0, one quickly
can find that |ϕ (x)|2 and jy(x) are affected by the magnetic
field inversion (B → − B) at fixed γ in the same way as by
the electric field inversion (γ → − γ) at fixed B.
Another striking feature of the results presented in Fig. 11
is that for either the n = 0 or n > 0 modes, the total current
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Figure 10: Probability density |ϕ (x)|2 for ξ = 1 (the K valley),
B = 1 T, and γ = 1/2 (top) or γ = −1/2 (bottom).
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Figure 11: Current density jy(x) for ξ = 1 (theK valley),B = 1 T,
and γ = 1/2 (top) or γ = −1/2 (bottom).
(integrated over x) flows in one direction only, determined by
the signs of E and B. For n > 0, this can be attributed to
the fact that solutions with ky > 0 and ky < 0 are localized
at the opposite sides of a p-n interface, resulting in the same
sign of the group velocity. For n = 0, the solution given by
Eq. (B15) can be regarded as a linear combination of edge
states from both sides of the interface, for which the current
density is centered precisely at the interface line (as depicted
scematically in Fig. 2 in the main text).
We comment now the relation between solutions for an in-
finite plane with trajectories depicted in Fig. 1.
E
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Figure 12: (a) Edge states in a finite disk-shaped graphene sam-
ple with a p-n interface in the quantum Hall regime (schematic).
(b) A zoom-in of the interface region with band structure schemes.
Open circles mark the two states on the Fermi level with opposite
wavenumbers (ky < 0 and ky > 0) having equal group velocities
(vg). (Notice that the direction electric current is opposite to vg as
the electron charge is −e.) (c) A version of the Fleming’s left hand
rule showing mutual relation between directions of the magnetic field
B, the in-plane electric field E , and the current I near the interface.
The coordinate system used in Appendix B is also shown.
The snake states (bottom panel in Fig. 1) can be repre-
sent as linear combinations of the solutions with n = 0 and
n > 0, having a property that the full combination propa-
gates in the same direction as each of its components. On the
other hand, classical trajectores propagating in the direction
(approximately) perpendicular to the interface (top panel in
Fig. 1) represent finite-size effects having no analogs in an in-
finite plane. Most intriguing are the trajectories depicted in the
middle panel of Fig. 1, propagating in both directions along
the interface. Formally, this is possible since the total current,
considered as a quadratic form, is neither positively nor neg-
atively defined, and thus a generic quantum state composed
of eigenstates with different n-s may also carry the current in
opposite direction then each of the components.
In real sample of a finite size, edge states associated with
a p-n junction derived in this Appendix are always accom-
panied by edge states close to a physical system boundary
transporting the charge in opposite direction, see Fig. 12(a).
When a disk-shaped sample is clamped with circular elec-
trodes, forming the Corbino setup, edge currents are ellimi-
nated by the outer lead and the schematic current distribution
for the lowest modes, visualized in Fig. 12(b), may be closely
reproduced by the physical current density (see Fig. 6(a) in
the main text). Remarkably, the familiar Fleming’s left hand
rule, relating the directions of the current, the magnetic field,
and the charge displacement (or the in-plane electric field) has
also a version for graphene p-n junction in the quantum Hall
regime, see Fig. 12(c).
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Appendix C: Mass confinement and the valley separation
We argue here that the mechanism behind spatial separa-
tion of currents in different valleys, appearing for a nonzero
mass term (see Fig. 6(b) in the main text), can essentially be
understood by analyzing the zero-energy wavefunction in the
presence of infinite mass confimenent proposed in the seminal
work by Berry and Mondragon [63].
In the absence of electric field (E = 0), a general zero-
energy solution of Eq. (B3) for ξ = 1 (the K valley) can be
written as [64]
Φ
[E=0]
0,ky,ξ=1
(x) = C1
[
0
e−χ
2/2
]
+ C2
[
eχ
2/2
0
]
, (C1)
with C1 and C2 being arbitrary complex numbers, and χ =
l−1B x+ lBky again. For ξ = −1 (the K ′ valley), the two basis
solutions on the right-hand side of Eq. (C1) have interchanged
spinor components.
Neglecting the intervalley scattering, one can show that
confinement of the carriers in a bounded domain implies zero
outward current at any point of the boundary at each valley
(ξ = ±1), namely
jn(α) = 〈ξσx cosα+ σy sinα〉Φξ = 0, (C2)
where n(α) = (cosα, sinα) is the unit vector normal to the
boundary, and the spinor wavefunction Φξ = (Φξ,A,Φξ,B)
T .
Eq. (C2) can be rewritten as
ξ cosαRe
(
Φ?ξ,AΦξ,B
)
+ sinα Im
(
Φ?ξ,AΦξ,B
)
= 0, (C3)
which is equivalent to
(
Φξ,B
Φξ,A
)ξ
= iB exp(iα), (C4)
where B is real and depends on the physical nature of the con-
finement [63].
Infinite mass confinement at x = 0, restricting the wave-
function to the right hemiplane (x > 0), corresponds to B = 1
and α = pi in Eq. (C4) and leads to the boundary condition
Φξ,A|x=0 = iξ Φξ,B |x=0 . (C5)
Subsequently, the coefficients in Eq. (C1) follow
Cξ,2 = iξCξ,1 exp
(−k2yl2B) . (C6)
The vertical current density for the zero-energy solution is
jy = 〈σy〉Φ[E=0]0,ky,ξ = −2ξ|Cξ,1|
2 exp
(−k2yl2B) , (C7)
where the last equality follows from Eq. (C6).
Clearly, the uniform current in Eq. (C7) changes sign upon
the valley exchange (ξ → − ξ), providing a qualitative un-
derstanding of the valley separation, as the effect associated
with zero-energy mode should overrule the effects originating
from higher modes for a generic system close to the charge-
neutrality point (allowing for |kylB |  1 ).
[1] M. Banerjee, M. Heiblum, V. Umansky, D. E. Feldman,
Y. Oreg, and A. Stern, Observation of half-integer thermal Hall
conductance, Nature (London) 559, 205 (2018).
[2] D. F. Mross, Y. Oreg, A. Stern, G. Margalit, and M. Heiblum,
Theory of Disorder-Induced Half-Integer Thermal Hall Con-
ductance, Phys. Rev. Lett. 121, 026801 (2018).
[3] C. W. J. Beenakker, C. Emary, M. Kindermann, and J. L. van
Velsen, Proposal for Production and Detection of Entangled
Electron-Hole Pairs in a Degenerate Electron Gas, Phys. Rev.
Lett. 91, 147901 (2003).
[4] J. R. Williams, L. Dicarlo, and C. M. Marcus, Quantum hall
effect in a gate-controlled p-n junction of graphene, Science
317, 638 (2007).
[5] D. A. Abanin and L. S. Levitov, Quantized transport in
graphene p-n junctions in a magnetic field, Science 317, 641
(2007).
[6] P. Carmier, C. Lewenkopf, and D. Ullmo, Semiclassical magne-
totransport in graphene n-p junctions, Phys. Rev. B 84, 195428
(2011).
[7] K. Zimmermann, A. Jordan, F. Gay, K. Watanabe, T. Taniguchi,
Z. Han, V. Bouchiat, H. Sellier, and B. Sacépéa, Tunable trans-
mission of quantum Hall edge channels with full degeneracy
lifting in split-gated graphene devices, Nat. Commun. 8, 14983
(2017).
[8] C. Qi, L. Ouyang, and J. Hu, Realizing robust large-gap quan-
tum spin Hall state in 2D HgTe monolayer on insulating sub-
strate, 2D Mater. 5, (2018).
[9] M. Fujita, K. Wakabayashi, K. Nakada, and K. Kusakabe, Pecu-
liar localized state at zigzag graphite edge, J. Phys. Soc. Japan
65, 1920 (1996).
[10] K. Nakada, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus,
Edge state in graphene ribbons: Nanometer size effect and edge
shape dependence, Phys. Rev. B 54, 1795 (1996).
[11] E. Colomés and M. Franz, Antichiral Edge States in a Modified
Haldane Nanoribbon, Phys. Rev. Lett. 120, 086603 (2018).
[12] J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross,
K. L. Seyler, W. Yao, and X. Xu, Valleytronics in 2D materi-
als, Nat. Rev. Mater. 1, 16055 (2016).
[13] A. Rycerz, J. Tworzydło, and C. W. J. Beenakker, Valley filter
and valley valve in graphene, Nat. Phys. 3, 172 (2007).
[14] A. Rycerz, Nonequilibrium valley polarization in graphene
nanoconstrictions, phys. stat. sol. (a) 205, 1281 (2008).
[15] D. Gunlycke and C. T. White, Graphene Valley Filter Using a
Line Defect, Phys. Rev. Lett. 106, 136806 (2011).
[16] A. R. Akhmerov, J. H. Bardarson, A. Rycerz, and
C. W. J. Beenakker, Theory of the valley-valve effect in
graphene nanoribbons, Phys. Rev. B 77, 205416 (2008).
[17] M. Wimmer, I. Adagideli, S. Berber, D. Tománek, and
K. Richter, Spin Currents in Rough Graphene Nanoribbons:
Universal Fluctuations and Spin Injection, Phys. Rev. Lett. 100,
177207 (2008).
[18] F. Zhai, Y. Ma, and Y.-T. Zhang, A valley-filtering switch based
12
on strained graphene, J. Phys.: Condens. Matter 23, 385302
(2011).
[19] Y. Jiang, T. Low, K. Chang, M. I. Katsnelson, and F. Guinea,
Generation of Pure Bulk Valley Current in Graphene, Phys.
Rev. Lett. 110, 046601 (2013).
[20] M. Settnes, S. R. Power, M. Brandbyge, and A.-P. Jauho,
Graphene Nanobubbles as Valley Filters and Beam Splitters,
Phys. Rev. Lett. 117, 276801 (2016).
[21] S. P. Milovanovic´ and F. M. Peeters, Strain controlled valley fil-
tering in multi-terminal graphene structures, Appl. Phys. Lett.
109, 203108 (2016).
[22] X.-P. Zhang, C. Huang, and M. A. Cazalilla, Valley Hall ef-
fect and nonlocal transport in strained graphene, 2D Mater. 4,
024007 (2017).
[23] Y. Zhang, B. Guo, F. Zhai, and W. Jiang, Valley-polarized edge
pseudomagnetoplasmons in graphene: A two-component hy-
drodynamic model, Phys. Rev. B 97, 115455 (2018).
[24] A. Pályi and G. Burkard, Disorder-Mediated Electron Valley
Resonance in Carbon Nanotube Quantum Dots, Phys. Rev. Lett.
106, 086801 (2011).
[25] S.-g. Cheng, H. Liu, H. Jiang, Q.-F. Sun, and X. C. Xie, Manip-
ulation and Characterization of the Valley-Polarized Topologi-
cal Kink States in Graphene-Based Interferometers, Phys. Rev.
Lett. 121, 156801 (2018).
[26] A. Schroer, P. G. Silvestrov, and P. Recher, Valley-based Cooper
pair splitting via topologically confined channels in bilayer
graphene, Phys. Rev. B 92, 241404(R) (2015).
[27] H. Pan, X. Li, F. Zhang, and S. A. Yang, Perfect valley filter in
a topological domain wall, Phys. Rev. B 92, 041404(R) (2015).
[28] Gorbachev, R. et al. Detecting topological currents in graphene
superlattices, Science 346, 448 (2014).
[29] K. F. Mak, K. L. McGill, J. Park, and P. L. McEuen, The valley
Hall effect in MoS2 transistors, Science 344, 1489 (2014).
[30] Y. Shimazaki, M. Yamamoto, I. V. Borzenets, K. Watanabe,
T. Taniguchi, and S. Tarucha, Generation and detection of pure
valley current by electrically induced Berry curvature in bilayer
graphene, Nat. Phys. 11, 1032 (2015).
[31] P. Rickhaus, P. Makk, M.-H. Liu, E. Tóvári, M. Weiss, R. Mau-
rand, K. Richter, and C. Schönenberger, Snake trajectories in
ultraclean graphene p-n junctions, Nat. Comm. 6, 6470 (2015).
[32] P. Makk, C. Handschin, E. Tovari, K. Watanabe, T. Taniguchi,
K. Richter, M.-H. Liu, and C. Schonenberger, Coexistence of
classical snake states and Aharonov-Bohm oscillations along
graphene p-n junctions, Phys. Rev. B 98, 035413 (2018).
[33] Y. Liu, R. P. Tiwari, M. Brada, C. Bruder, F. V. Kusmartsev,
and E. J. Mele, Snake states and their symmetries in graphene,
Phys. Rev. B 92, 235438 (2015).
[34] A. Rycerz, Magnetoconductance of the Corbino disk in
graphene, Phys. Rev. B 81, 121404(R) (2010).
[35] M. I. Katsnelson, Aharonov-Bohm effect in undoped graphene:
Magnetotransport via evanescent waves, Europhys. Lett. 89,
17001 (2010).
[36] E. C. Peters, A. J. M. Giesbers, M. Burghard, and K. Kern, Scal-
ing in the quantum Hall regime of graphene Corbino devices,
Appl. Phys. Lett. 104, 203109 (2014).
[37] M. Kumar, A. Laitinen, and P. Hakonen, Unconventional frac-
tional quantum Hall states and Wigner crystallization in sus-
pended Corbino graphene, Nature Commun. 9, 2776 (2018).
[38] Related to the local carrier concentration via rc = ~k/eB =√
pi|n| l2B , with k =
√
pi|n| being the wave vector.
[39] For rc . lB , quantum effects dominate and may fully ellim-
inate the moderate-field range (see midle panel in Fig. 1) for
smaller disks. As rc is related to the carrier concentration, par-
ticular scenario of the classical-to-quantum transition also de-
pends on the electrostatic potential profile.
[40] Katsnelson, M. I., Graphene: Carbon in Two Dimensions.
(Cambridge University Press, Cambridge, 2012), Chapter 1.
[41] D. W. Boukhvalov and M. I. Katsnelson, Chemical function-
alization of graphene, J. Phys.: Condens. Matter, 21, 344205
(2009).
[42] D. Haberer, D. V. Vyalikh, S. Taioli, B. Dora, M. Far-
jam, J. Fink, D. Marchenko, T. Pichler, K. Ziegler, S. Si-
monucci, M. S. Dresselhaus, M. Knupfer, B. Büchner, and
A. Grüneis, Tunable Band Gap in Hydrogenated Quasi-Free-
Standing Graphene, Nano Lett. 10, 3360 (2010).
[43] J. Hong, E. Bekyarova, W. A. de Heer, R. C. Haddon, and
S. Khizroev, Chemically Engineered Graphene-Based 2D Or-
ganic Molecular Magnet, ACS Nano 7, 10011 (2013).
[44] B. Sachs, T. O. Wehling, M. I. Katsnelson, and A. I. Lichten-
stein, Adhesion and electronic structure of graphene on hexag-
onal boron nitride substrates, Phys. Rev. B 84, 195444 (2011),
[45] M. Yankowitz, J. Xue, and B. J. LeRoy, Graphene on hexagonal
boron nitride, J. Phys.: Condens. Matter 26, 303201 (2014).
[46] G. Rut and A Rycerz, Trigonal warping, pseudodiffusive trans-
port, and finite-system version of the Lifshitz transition in mag-
netoconductance of bilayer graphene Corbino disks, Phys. Rev.
B 93, 075419 (2016).
[47] R. Landauer, Electrical resistance of disordered one-
dimensional lattices, Phil. Mag. 21, 863 (1970).
[48] M. Büttiker, Scattering theory of current and intensity noise
correlations in conductors and wave guides, Phys. Rev. B 46,
12485 (1992).
[49] For B = 1 T the Zeeman splitting is ∆EZ = gµBB ≈
0.1 meV [with g ≈ 2 and µB = e~/(2me) the Bohr magneton]
and cannot affect the filter operation appearing at the potential
and mass-term amplitudes of V ∼M & 10 meV.
[50] M. Müller, J. Schmalian, and L. Fritz, Graphene: A Nearly
Perfect Fluid,, Phys. Rev. Lett. 103, 025301 (2009).
[51] A. Lucas and K. C. Fong, Hydrodynamics of electrons in
graphene, J. Phys.: Condens. Matter 30, 053001 (2018).
[52] V. Lukose, R. Shankar, and G. Baskaran, Novel Electric Field
Effects on Landau Levels in Graphene, Phys. Rev. Lett. 98,
116802 (2007).
[53] A. Shytov, M. Rudner, N. Gu, M. Katsnelson, and L. Levitov,
Atomic collapse, Lorentz boosts, Klein scattering, and other
quantum-relativistic phenomena in graphene, Sol. State Comm.
149, 1087 (2009).
[54] C. W. J. Beenakker, Andreev reflection and Klein tunneling in
graphene, Rev. Mod. Phys. 80, 1337 (2008).
[55] M. Wimmer, Quantum transport in nanostructures: From com-
putational concepts to spintronics in graphene and magnetic
tunnel junctions, PhD Thesis, Regensburg University, Germany
(2009), Chapter 6.
[56] J. H. Bardarson, J. Tworzydło, P. W. Brouwer, and
C. W. J. Beenakker, Demonstration of one-parameter scaling
at the Dirac point in graphene, Phys. Rev. Lett. 99, 106801
(2007).
[57] A. Rycerz, Random matrices and quantum chaos in weakly-
disordered graphene nanoflakes, Phys. Rev. B 85, 245424
(2012).
[58] R. L. Burden and J. D. Faires, Numerical Analysis,
(Brooks/Cole, Boston 2011), Chapter 5.
[59] N. M. R. Peres and E. V. Castro, Algebraic solution of a
graphene layer in transverse electric and perpendicular mag-
netic fields, J. Phys.: Condens. Matter 19, 406231 (2007).
[60] D. Nath and P. Roy, Dirac oscillator in perpendicular magnetic
and transverse electric fields, Ann. Phys. 351, 13 (2014).
13
[61] M. Abramowitz and I. A. Stegun (eds.), Handbook of Math-
ematical Functions, (Dover Publications, New York, 1965),
Chapter 19.
[62] A. H. MacDonald, Quantized Hall conductance in a relativistic
two-dimensional electron gas, Phys. Rev. B 28, 2235 (1983).
[63] M. V. Berry and R. I. Mondragon, Neutrino billiards: time-
reversal symmetry-breaking without magnetic fields, Proc. R.
Soc. A 41, 53 (1987).
[64] E. Prada, P. San-Jose, B. Wunsch, and F. Guinea, Pseudo-
diffusive magnetotransport in graphene, Phys. Rev. B 75,
113407 (2007).
